
UNIVERSy LIBRARY

OU 168329 JNIVERSAL

LIBRARY











STEAM-ENGINE THEORY AND

PRACTICE



BY THE SAME AUTHOR

Crown 8m

Heat Engines. With numerous Illustrations

and an Appendix of Questions and Exercises.

LONGMANS, GREEN AND CO.

LONDON, NLVV YORK, ROMRAV, CAI.rUTTA AND MADRAS.



STEAM,-ENGINE
%

THEORY AND PRACTICE

BY

WILLIAM RIPPER, C.H.
D.ENG. (SHEFFIELD), HON. D.SC. ENG. (BRISTOL)

MEMBER OF THE INSTITUTION OF CIVIL ENGINEERS

MEMBER OF THE INSTITUTION OF MECHANICAL ENGINEERS

PROFESSOR OF ENGINEERING AND LATE VICE-CHANCELLOR OF

THE UNIVERSITY OF SHEFFIELD

WITH 490 ILLUSTRATIONS

NEW IMPRESSION

LONGMANS, GREEN AND CO.

39 PATERNOSTER ROW, LONDON
FOURTH AVENUE & 30t^ STREET, NEW YORK

BOMBAY, CALCUrrA, AND MADRAS

1920

All rights reserved



BIBLIOGRAPHICAL

First Edition . ...
Second Edition .... . .

Third Edition ... ....
Fourth Edition

Fifth Edition .... ....
Repnntui . .

Sixth Edition . ....
Seventh Edition ....

Reprinted .

NOTE

November^ iSgg

August
y
Igo I

October^ igoj

October^ igoj^

January^ igoS

November^ jgog

June^ igi2

October^ jqt t

March
^ jg20



TO

Sill FllEDERlCK MAPPIN, Bart., M.P.

CHAIRMAN (»F THE TECHNICAL DEPARTMENT OF THE

INIVERSITY COLLEGE OK SHEFFIELD

AS A

TKIHUTE TO HIS LONO AND VALUED SERVICES

IN PKOMOTINd THE STUDY OF SCIENCE

AS APPLIED TO INDUSTRY

THIS BOOK

IS INSCRIBED BY THE AUTHOR





PREFACE

This book is written as a sequel to the author^s elementary book on

“Steam.” It was prepared in the first instance as notes for the

second-year engineering students in this college, and deals, in as simple

a form as possible, with those branches of the subject which are of

fundamental importance to a sound knowledge of steam-engine design

and management.

Modern students of steam engineering have a great advantage over

their predecessors, in possessing such a wealth of recorded practical

experience as appears in the Proceedings of the Engineering Institu-

tions, as well as in the Technical Journals, and the writer has to express

his personal indebtedness to all these sources of information in the

preparation of this book. The assistance received is acknowledged, as

far as possible, throughout.

Special attention has been given to the subject of the heat quantities

involved in the generation and use of steam. For this purpose the

temperatufe-entropy diagram has been used, and its applications in the

solution of a number of ordinary everyday problems exemplified.

In this connection, as well as for many beautiful graphical methods

of illustration now employed by engineers, students and teachers of

the subject are greatly indebted to the work of Mr. J. Macfarlane Gray,

Capt. H. Biall Sankey, the late P. W. Willans, and many others. The

writer desires to express his personal indebtedness to Capt. Sankey for

his kindness in supplying him with copies of his temperature-entropy

chart, which appears for the first time, as Plate I. of this book. This

chart has gone through an interesting process of evolution since the

occasion when Mr. J. Macfarlane Gray read his paper at the Paris

meeting of the Institution of Mechanical Engineers in July, 1889,
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On the Rationalization of Regnault^s Steam Experiments,” describing

and explaining the use of the steam and water lines of the temperature-

entropy chart. Since that time Capt. Sankey has added lines of

constant pressure, and constant volume in 1892 ; and more recently

also the scales of total heat and internal energy, as well as the chart

for the superheated-steam field. All these additions now appear upon

the chart as shown in Plate I. of this book.

Other subjects dealt with include the compound engine, superheated

steam, and superheaters, the use of high steam-pressures, valve gears,

steam-engine governors, flywheels, and other engine details. There

are also chapters on the balancing of engines, and steam-engine per-

formance, embodying the most recent results obtained from all classes

of engines
;
and on modern steam-engine design, including the Corliss

mill engine, the modern quick-revolution engine, the marine engine,

and the locomotive.

The author here desires to express his acknowledgments to Mr. T.

Scott King for the valuable original designs, both of engine details

and complete engines, which he has prepared for the author specially

for this book
; also to Mr. J. W. Kershaw, M.Sc., for much valuable

help, and to Mr, F. Boulden for kindly reading the proof-sheets.

W. RIPPER.

University College, Sheffield,

November, 1899



PREFACE TO THE FOURTH EDITION

In the present edition a new chapter is added on the Steam Turbine,

and a very full series of Questions with Answers has been appended,

which covers the requirements of the various public examinations on

Steam, including the examinations of the Institution of Civil Engineers,

the Universities, and the Board of Education, Honours Stfages.

W. RIPPER.

The University, Sheffield,

Septerr^er, 1905 .

SIXTH EDITION

Considerable additions have been made to the chapter on the Steam

Turbine. The Total Heat-entropy Chart introduced by Dr. Mollier

has also been added, and its application to various practical problems

in Steam Turbine work has been explained and illustrated.

The author is indebted to the British Westinghouse Co
,
the

Brush Electrical Engineering Co , and Messrs. G. and J. Weir for

kindly supplying diagrams, and to Mr. J. W. Kershaw, M.Sc. B.Eng.,

for much valuable assistance.

April, 1912 .

SEVENTH EDITION

Experience of the requirements of students preparing foi* University

and other examinations in Steam Engineering has suggested the

addition to this new edition of much valuable matter to the Questions

at the end of the book, which it is believed will be of great service to

the private student. The additions consist of a large number of fully

worked-out typical examples, carefully classified, and fairly fully

covering the field of the subject required of the student by the

Professional Institutions.

W, RIPPER,
University of Sheffield,

July^ 1914 ,
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STEAM-ENGINE THEORY
AND PRACTICE

INTRODUCTORY.

DEFINITIONS AND UNITS.

Work is defined as the overcoming of a resistance through a space

by the application of a force, and the amount of work (CJ) done is

measured by the resistance (R) or the force (F) in pounds, multiplied

by the distance (S) in feet through which the resistance is overcome
or through which the force acts

;
and the product is given in foot-

pounds, thus

:

U = RS = FS foot-lbs.

The unit of work is the foot-pound, or the work done by a force of

one pound acting through the space of one foot.

The unit of work in metric units is the work done by the force of

one kilogramme acting through the space of one metre = one

kilogrammetre

;

1 kilogrammetre = 7’233 foot-lbs.

When the motion takes place round a fixed axis, as in the case of a
crank, then the mean resistance (R) multiplied by the space traversed

(27rr feet per revolution) gives the work done, and

—

U = 27rrR foot-lbs. per revolution.

When work is done by pressure upon a moving piston, as in steam-

engines, it is measured by the product of the mean pressure p per

square inch, the area of the piston A in square inches, and the length

of stroke of the piston S in feet
;
then

—

U = jpAS foot-lbs. per stroke

or, if A be expressed in square feet, then the pressure per square foot

P = X 144, and

—

U = X 144 X A X S

But A X S = V = volume of piston displacement in cubic feet;

/. U = j) X 144 X V = PV
and if area of piston be 1 sq. ft., then V in cubic feet will be

numerically equal to the length of stroke of the piston in feet.

B



2 STEAM-ENGINE THEORY AND PRACTICE.

Work represented by an Area.—Since work is expressed as a product

of two numbers, it may therefore be represented by the area of a plane

figure
;

thus the work done on the piston of the steam-engine is

represented by an area drawn by an ‘‘indicator,” the length of the

diagram corresponding with the length of stroke of the piston to a
reduced scale, and the mean height of the diagram giving the mean
pressure on the piston throughout the stroke.

Efficiency.—The total amount of energy received by an engine or

machine of any kind is either used in the doing of useful work or is

wasted, and

—

energy received = useful work + lost work
_ . useful work done

emciency = 7-7-1 •—

i

•' total energy received

Power is defined as the “rate of expenditure of energy,” or the

amount of work performed in a unit of time

—

power = pounds x feet -f- minutes

The Horse-power.—The unit of power used by British engineers

is the “horse-power,” which is equivalent to the performance of

33,000 foot-lbs. of work per minute
;
or 33,000 -f- 60 = 550 foot-lbs.

per second ;
or 33,000 x 60 = 1,980,000 foot-lbs. per hour. In heat-

units the Wse-power = 33,000 -f- 778 = 42*42 B.T.U. (British ther-

mal units) per minute, or = 42*42 x 60 = 2545 B.T.U. pex hour.

The French horse-power (cheyal) is 75 kilogrammetres per second

= 75 X 7*233 foot-lbs. = 542*5 foot-lbs. per second, or rather less

than the British horse-power.

1 horse-power = 1*0139 cheval

1 lb. per horse-power = 0*447 kilogramme per cheval

1 kilogramme per cheval = 2*235 lbs. per horse power.

Indicated Horse-power is the work done by the steam in the

cylinder as obtained by the aid of the indicator, and expressed in

horse-power units. This power includes, of course, that necessary

to drive the engine against external resistance, and that used to

overcome the frictional resistance of the engine itself.

T TT T>
units of work done per minute _ PLAN

I.H.P. = 33,060 ~ 337660

where P = mean effective pressure in pounds per square inch on piston.

A = effective area of piston in square inches.

= (diameter of cylinder in inches)^ X 0*7854 less area

of piston-rod.

L = length of stroke in feet, or distance travelled by piston

from end to end of cylinder.

N = number of strokes per minute, or ) for double-acting

= number of revolutions X 2 )
engines.

= number of revolutions, for single-acting engines.

=: number of impulses per minute, for gas-engines.

Example 1.—Find the indicated horse-power of an engine with
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a cylinder 12 in, diameter, length of stroke 18‘ in., number of

revolutions per minute 90, mean effective pressitre per square inch
on piston 40 lbs.

PLAN
Then I.H.P. - 33 qoq

(P X A) lbs. X (L X N) ft. per min.
" 33^000

(40 X 12 X 12 X 0-7864) lbs. X (1-6 X 90 x 2) ft. per min.

33,000
4520 lbs. X 270 ft. per min.

"" spoo
= 37 nearly

Example 2.—An engine is required to indicate 37 horse-power

with a mean effective pressure on piston of 40 lbs. per square inch,

length of stroke 18 in,, number of revolutions per minute 90 : find

the diameter of the cylinder.

First find the area from the formula

—

tttp
.plan

y.a..r. -
33
33,000 I.H.P.

P X L X N
33,000 X 37

~ 40 X 1-5 X 90 X 2

A, or area of piston, = 113 sq. in.

From which the diameter may be obtained thus

;

Diameter = \/ = \/ = ^144 = 12 in.

I.H.P. =

Diameter =
0-7854 0-7854

Brake Horse-power (B.H.P.) represents the power which the engine

is capable of transmitting for the purposes of useful work, that is, the

total power exerted by the steam in the cylinder less the power absorbed

in driving the engine itself.

This power is measured—except where the engines are too large

—

by means of a brake dynamometer.

B H P
P~
~ ^®chanical efficiency of engine

The efficiency of a whole machine is the product of the efficiencies of

its several parts.

Practical Electrical Units

—

Ampere = the unit of strength of current, or rate of flow.

Volt = the unit of electro-motive force.

Ohm = the unit of resistance.

Coulomb = (ampere-second) = the unit of quantity,

1 watt = 1 ampere x 1 volt = the unit of power.
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1 watt = 0*7373 foot-lbs. per second

= 0*0009477 heat-units per second (Fahr.)

= horse-power.

1 kilowatt, or 1000 watts, = 0*9477 heat-units per second
= 1*3405 horse-power.

1 horse-power = 746 watts = 746 volt-amperes.

= electrical horse-power.

1 electrical unit = 1000 watt-hours.

Other Useful Constants

—

1 cub. ft. of water weighs 62-3 lbs.

1 gallon = 0*1605 cub. ft. = 10 lbs. of water at 62° F.

A column of water 2*3 ft. high corresponds to a pressure of

1 lb. per sq. in.

1 knot = 6080 feet per hour.

1 inch = 25*4 millimetres.

1 metre = 39*37 inches.

1 cubic metre = 35*32 cubic feet.

1 kilogramme = 2*2 lbs.

1 lb. = 7000 grains = 453*6 grammes.
1 lb. per sq. in. = 0*0703 kilogramme per sq. cm.

1 kilo, per sq. cm. = 14*223 lbs. per sq. in.

1 lb. of air at 0° C. and at atmospheric pressure = 12*387

cub. ft.

1 cub. ft. of air at 0° C. and at atmospheric pressure weighs
0*0807 lb.



CHAPTER I.

THERMODYNAMICS OF GASES.

Heat.—Heat is a form of molecular energy, and it may be converted

into mechanical work by means of the change of volume which it

produces in bodies acted upon by it. The medium through which
work is done by the action of heat may be either solid, liquid, or

gaseous, and the nature of the substance used is a question of relative

convenience or suitability. Thus, if an iron bar be heated, the bar

expands, and if some form of resistance be interposed to its expansion,

then the work done in overcoming the resistance = U = R X S, where
R may represent an enormous force, and S a very small space.

On the other hand, if a gas be used as the “working fluid,” and be

heated in a closed cylinder behind a movable piston, then the work
done by the heat through the expanding gas = U = R X S, as before,

where the resistance is comparatively small, and the space S moved
through by the piston is comparatively large.

Engineers generally utilize the smaller forces ftcting through large

distances, rather than unmanageably large forces acting through small

distances.

If a quantity of heat (Q) be applied to unit weight of any substance,

it increases the energy contained in the substance, and its effects may
in general be divided as follows

: (1) It raises the temperature of the

body
;
that is, it increases the rate of molecular vibration. The heat-

units involved in raising the temperature = S. (2) It causes the

body to expand against its own internal resistances
;

that is, it

increases the range of molecular vibration. The heat so expended
in doing internal work is written p (rho). And (3) it does external

work, E, by overcoming external resistance to expansion.

Then Q = S -j- p + E
In the case of the generation of steam from water, the internal

work p is large and the external work E is small. In the case of a
perfect gas, the internal work is nothing.

Unit of Heat.—The British thennal unit (B.T.IJ.) is the heat

required to raise 1 lb. of pure water one degree Fahrenheit, measured
at a standard temperature, usually given as 39® Fahr., but more
recently as 62® Fahr.

1 B.T.TJ. = 0*252 calorie

1 French calorie = 3*968 B.T.U.

Specific Heat.—When equal weights of different substances are raised
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through an equal range of temperature, the quantities of heat involved

are not the same in each case, but vary in accordance with the thermal

capacity of the substances. Thus, if an iron vessel weighing 62*5 lbs.

contain a cubic foot of water also weighing 62*5 lbs., then, though
both iron and water are at the same temperature, and are equal in

weight, they do not contain the same quantity of heat. As a matter of

fact, the water contains about eight times the heat contained by the iron.

The relative thermal capacity, or the “ specific heat,’’ of substances

is defined as the amount of heat necessary to raise unit weight of the

substance one degree measured at the standard temperature. A more
correct term than ‘‘speciBc heat” would be “ coefiicient of thermal
capacity.”

Table of Specific Heats.

Water ... 1000
Glass ... 0194
Cast iron ... 0130
Wrought iron ... 0114
Steel (hard) ... 0117
Copper ... 0-100

Mercury ... 0*033

Air
Constant p.

... 0-237 .

Constant v.

. 0*169

Oxygen ... ... 0*217 . .. 0*155

Hydrogen ... 3*410 . .. 2-412

Nitrogen ... ... 0*244 .,.. 0*173

Superheated steam 0*480 . .. 0*346

Carbonic acid ... 0*217 . .. 0-153

The specific heat of gases increases as the temperature increases.

Temperature.—Temperature is that quality of bodies which deter-

mines the intensity of the heat-energy contained by them. If two
bodies of different temperature be placed near each other, heat tends

to pass from the hotter to the colder till they both reach the same
temperature. *

Temperature difference is that which determines the transfer of

heat from body to body, and the greater the difference of temperature
the more rapidly the heat flows.

Difference of temperature is what renders heat-energy available for

the performance of mechanical work, and the greater the difference

or range of temperature the greater the possible efficiency of the heat.

The heat contained by a body at the ordinary temperature of the sur-

rounding bodies is not available for the performance of mechanical work.

The potential energy of high temperature may be compared to the

potential energy due to a head of water. Thus, water falling from a

height h and acting on a turbine, loses potential energy, which is

converted into mechanical work at the turbine. The water loses

potential energy,•‘but not weight, for the same weight of water passes

away as entered the turbine. So also, in the case of a steam-eugine,

the steam supplied to the engine loses heat-energy, but not weight.

The same weight of steam passes away as entered the engine, but the

heat-energy which leaves the engine is less than that which entered

it by the amount which has disappeared by transmutation of heat into

work.
Heat supplied = useful work -f heat rejected

First Law of Thermodynamics.—The following statement is known
as the First Law of Thermodynamics

:

Heat and mechanical energy
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are mutually convertible, and heat requires for its production, and
produces by its disappearance, a definite number of units of work for

each thermal unit.”

The value of the mechanical equivalent of the thermal unit as

determined by Joule was 772 foot-lbs., sometimes called Joule’s equiva-

lent, and written J.

Recent investigations, by Rowland and many others, as to the exact

value of J have led to the conclusion that 778 is a more nearly correct

value for the mechanical equivalent, and this value will be used
throughout.

Thus 1 B.T.U. = 778 foot-lbs. = J

Second Law of Thermodynamics.—“Heat cannot pass from a
cold body to a hot one by a purely self-acting process ” (Clausius).

That is to say, heat flows from hot to cold, but not in the reverse

direction, and it is impossible, having once permitted a fall of tem-
perature, as from the boiler furnace to the water in the boiler, or from
the boiler to the condenser, to render the heat available for work by
an attempt to return the heat by a self-acting process in the opposite

direction.

It follows from this law that no heat-engine can convert the whole
of the heat supplied to it into work, but that, as soon as the tem-
perature of the added heat has fallen to that of the surrounding
atmosphere, the heat remaining is no longer available for doing

useful work. Also that if Tj be the highest absolute temperature
available, and Tg the ‘lowest absolute temperature available, it is

impossible to obtain a greater efficiency than is represented by the

T — T
fraction —^ whatever the nature of the working fluid. The

truth of these statements will be illustrated later.

Effect of Heat upon Gases.—In order to understand more clearly the

principles involved in the transformation of heat into work by steam,

it will be helpful to consider first the simpler case of the action of heat

upon air, which is subject approximately to very simple laws, and which
laws, it is assumed, would be absolutely obeyed by a perfect gas,

Boyle’s Law.—The product of the pressure P and the volume V of

a perfect gas is a constant quantity when the temperature remains

constant.

PV = constant (at const, temp.) where

P = pressure per square foot, and V =
volume in cubic feet.

The constants for various gases have

been determined with great accuracy by

Regnault.

The value of PqVo may be calculated

thus : if the volume Yq of 1 lb. of air at

32° Fahr. and at atmospheric pressure (760

mm.) be 12 387 cub. ft. per pound

—

P^Vo = constant

14*7 X 144 X 12-387 = 26,220 foot-lbs.
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If a number of rectangles of equal areas PqVo, PiV^, P2V2J be drawn,

then the line joining the points a, 6, c is an isothermal line, or line of

constant temperature. Here P varies inversely as V, thus

—

PV = constant

2P X iV = „
3P X = „ etc.

Law of Charles.—Under constant pressure, equal volupaes of

different gases expand equally for the same increment of tenj-

perature, and the volume changes proportionally to the absolute

temperature.

The product PoV^ being given for a gas at Tq, or 32° Fahr., then the

value of the constant for any new PV due to change of temperature,

being proportional to the absolute temperature, may be found thus :

= P„V„|-

But PoVo = 26,220', and To = 32 + 461 = 493
T, 26220

PiVj = 26,220 ^ = 493
~ 53*2Ti nearly

This equation for a perfect gas is written PV = RT, where R is a

constant depending on the density of the gas. For air the constant

R = 53*2.

Absolute Temperature.—It is found by experiment that when air

is heated or cooled under constant pressure, its volume increases or

decreases in such a way that if the volume of the gas at freezing-

point of water be 1 cub. ft., then its volume, when heated to the

boiling-point of water, will have expanded to 1*3654 cub. ft.

Or, inversely, if the volume remain constant, and the pressure

exerted by the gas at freezing-point = 1 atmosphere, then the pressure

at boiling-point of water = 1*3654 atmospheres.

These results may be set out in the form of a diagram (Fig. 2).

Thus, draw a vertical line to represent temperatures to any scale, and
mark on it points representing the freezing-point and boiling-point of

water—marked 32° and 212° respectively. From 32° set out, at right

angles to the line of temperature, a line of pressure ah = 1 atmo-

sphere to any scale, and at 212° a line cd =^1*3654 atmospheres to the

same scale. Join the extremities db of these lines, and continue the

line to intersect the line of temperatures.

It is assumed T^y physicists that, since the pressures vary regularly

per degree of change of temperature between certain limits within

the range of experiment, they vary also at the same rate beyond that

range, and, therefore, that the point of intersection of the straight

line db produced gives the point at which the pressure is reduced to

zero.

So long as the gas exerts any pressure, it is presumed to exert that

pressure by virtue of the heat-energy contained in it
;

the point,

therefore, of zero pressure is reckoned as the point of zero temperature

on the absolute scale. Then

—
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oa + 180 : oa : : 1*3654 : 1

or oa = 492*6

that is, the zero of absolute temperature is 492*6 below the freezing-

point of water, or 492*6 — 32 = 460*6 below zero Fahrenheit. Calling

this 461, and writing T for temperature
absolute, and t for temperature by ordi-

nary scale, then

—

T = 461 + < Fahrenheit
or, T = 273 -f- / Centigrade

Also, if Pi and Vj be the pressure and
volume of a gas at absolute temperature

Ti, then at constant volume and change
of absolute temperature to Tg its pressure

To= Pi X ; or its volume at constant

rr.
T2

pressure at temperature Tg = Vi X

Internal or Intrinsic Energy (Joule’s

Law).—When a gas expands without doing

external work, its temperature remains

unchanged.
This law was arrived at by Joule in

the following way :

—

Two copper vessels, A and B, were

connected by a tube as shown. One
vessel was exhausted by an air-pump so as to produce as nearly

as possible a perfect vacuum, and the other was filled with com-

pressed air, at a pressure of 22 atmospheres. The vessels were then

immersed in water.

When the stopcock was turned, the compressed air in A rushed

into the empty vessel B. The temperature of the water surrounding

the vessels was taken, before and after, with

a very delicate thermometer, but no appre-

ciable change was noted. When the vessels

were immersed in separate vessels of water,

it was found that when the stopcock was

opened and the gas rushed from A, the water

surrounding it fell in temperature, while the

water surrounding B at the same time in-

creased in temperature and by the same

amount. The setting the mass of air in

motion absorbed heat from the one vessel, which was restored again

in the other vessel when the motion was destroyed. The net result

was that there was no change in the temperature of the gas. The

temperature of a gas is a measure of its internal or intrinsic energy,

and in the above experiment, since there was no loss of temperature

there was no loss of internal energy.

From this may be deduced also

—

Fig. 3.

AbsrFah.
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1. That the heat or intrinsic energy of a gas may be converted

into the kinetic energy of molecules in motion, with corresponding

loss of temperature, as when the gas cooled on rushing from A.

2. That the kinetic energy in the moving molecules of a gas will

reappear as heat if the moving mass is brought to rest, as when the

temperature increased in the vessel B.

Specific Heat of Gases (Regnault’s Law).—The specific heat is

the amount of heat in thermal units required to raise unit weight of

the gas through V Fahr. The specific heat of a substance varies

according to the conditions under which the substance is heated.

Thus, if heat be applied to 1 lb. of gas in a closed vessel, the gas is

said to be heated at constant volume^ and the heat required to raise its

temperature one degree is written C„, which stands for specific heat

of gas at constant volume in thermal units; C„ x 778 = El„, or the

specific heat at constant volume expressed in foot-pounds.

When the same weight of gas is heated in a cylinder having a

movable piston under a constant external pressure, if the tempera-

ture be raised one degree as before, the volume increases, and there-

fore work is done in pushing the piston out against the external

pressure, as, for example, that of the atmosphere.

This is heating under constant ^pressure. The heat-units required to

raise the temperature one degree under constant pressure is written

Op, and it is greater than C^, owing to the extra heat required to do

the work of moving the piston against external resistance, in addition

to raising the temperature of the gas ; and Cp x 778 = Kp = specific

heat at constant pressure in foot-pounds. By the measurements

of Regnault, the value of C„ for air = 0'1691 thermal unit = 131 '6

foot-lbs. = K„. The value of Cp for air = 0*2375 thermal unit = 184*8

foot-lbs, == Kp.

The effects of heating a gas under constant volume or constant

pressure may be represented by diagrams as follows :

—

Take a point a between the axes of pressure and volume, so that

OP is its pressure and OV its volume for 1 lb. of gas. Apply heat to

it when the piston is prevented from moving
;
then the pressure will

rise, as shown by the vertical line db (Fig* 4), and its temperature
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will rise, as shown by the intersection of the line ah with isothermals

of higher temperature.

Here the whole of the heat-energy applied has been absorbed in

raising the temperature of the 1 To. of gas. No external work has
been done, work being measured by the product P(V — Vj, and here

(V - VO = 0.

The heat absorbed = K„(T2 — Tj) foot-lbs, per pound, and this

represents the increase of internal energy per pound.
If now the heat be applied to the gas enclosed in a cylinder under

a movable piston, the external pressure being constant, the heat

absorbed will not only raise the temperature of the gas from Tj to %
as before, but will do work in moving the piston from V to Vj against

external resistance P (Fig. 6).

Then the line ah will represent the line of constant pressure,

and the cross-lined area = work done = P(OY3 — OV). The heat

absorbed = K^(T2 T^) + P(OVi - OV) foot-lbs, per pound.

The total heat expended per pound under these conditions is equal

to the number of degrees rise of temperature multiplied by the specific

heat at constant pressure = Kp(T2 — Tj). And (the total heat

expended) — (heat expended in external work) = heat expended in

internal work; or since P(OVi — OV) = R(T2 — Ti)

—

K^{T, - TO - R(T2 ~ TO = (K^ « R)(T2 -- TO

But heat expended in internal work per pound and per degree rise

of temperature is equal to the specific heat at constant volume

—

/. (K, ^R)(T2 -to = K.(T2 - TO
(K,-R)=K.

R = K, ~ K,

that is, R = the difference between the two specific heats expressed

in foot-pounds.

The ratio of the specific heat at constant pressure to the specific

heat at consttot volume K„ is much used in thermodynamic problems,

and is expressed by the Greek letter gamma^ thus

—

It has been shown that

—

- K, = R, and -f- K,, = y
.•.K„(y-1) = R

K — ^
1

0, 0-238 _ ,
...

0 “0169“ ^

Work done during Expansion.—When a gas expands in a cylinder

under a movable piston, if the piston were moved by some external
force, then the volume and pressure of the enclosed gas would change,
but the temperature would remain constant (providing there were
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no losses by radiation, etc.).^ Therefore the curve indicating the

varying condition of the gas as to pressure and volume would be an
isothermal curve. If, however, the piston

were moved at the expense of the heat-

energy stored in the enclosed gas, or, in

other words, at the expense of its intrinsic

energy, then external work would be done

by it and heat-energy expended
;
hence

the pressure of the gas would fall below

the isothermal, and if no other heat in-

fluences have been introduced, such as loss

of heat by conduction through cylinder

walls, or gain of heat from some external

source or internal chemical action, then the curve described would
be what is known as the adiabatic curve (adiabatic meaning literally

no passage of heat to or from the expanding gas).

These two curves—the isothermal and the adiabatic—are of great

importance in the theory of heat-engines, but they both represent

ideal conditions which are only approximately realized in practice.

If, during the expansion of a given weight of gas, heat is added
so as to keep the temperature constant, then the intrinsic energy
of the gas is also constant (see Joule's Law), and the heat expended
in doing external work during expansion is exactly balanced by the

heat supplied to retain the gas at constant temperature.

The work done during isothermal expansion is given by the area

abdc enclosed between the hyperbolic curve, the two vertical ordinates,

and the zero line of pressure.

This area may be supposed to be made up of a number of inde-

finitely narrow strips, the area of each being

equal top X dv^ where p = pressure, a.nd

dv the indefinitely small width of the strip.

Then, since PV = P,Vi = constant, pressure at

P V
V = P = where V = volume OV (Fig. 7),

P V
and area of strip dv =~-^dY.
tween the limits V, and Vg

Integrating be-

Fig. 7 J V. V dV

UdY
Y

V,

= P,V, log,~* = P,V,log,r

where r = ratio of expansion ; or, since PiV, = PV = RT, PiVj loge r = RT loge r.

The expression RT log^ r measures not only the work done during
isothermal expansion, and therefore the heat* expended, but also the

^ This would not be true for steam^ as the temperature of saturated steam
varies with the nressure under all circumstances.
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heat supplied to balance the loss and to retain the constant tempera-

ture, or constant intrinsic energy of the gas.

Work done during Adiabatic Expansion.—During adiabatic ex-

pansion the work done is less than that done during isothermal expan-
sion, owing to the fact that during adiabatic expansion the work is

done at the expense of its own intrinsic energy alone, and the amount
of heat in the gas as the expansion proceeds becomes less and less. In
any case the change of internal energy and the amount of work done
per pound of gas = K„(Ti — Tg).

The adiabatic expansion curve for a gas is a particular case of the

general formula PV” = constant, and is written PV*^ = constant,

K
where y = the ratio of the specific heats = = 1 *4 for air.

XV.,,

The area enclosed by a curve of this form is obtained thus :

but PV"* = PjV,’*

. p _ P.v.”
• • ^ — yn

= PiV,” 'V
-

J V.
_ p,v,»r y-n+i-iy

L — }i + 1Jy
/y l-n_y l-nS

~ n — 1

_ P, - PiYi^Vg*
-

~ w — 1

- P.v. - p.v»

n — 1

This may also be written

—

area

P.y.ny,.-„(Vi!l"_r^”)

w — 1

•p V
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Then, dealing with a cubic foot of gas, since 144j9 = pressure per

square foot = P, work done during expansion from Vj to Vj

144

n — 1

/ Y \ n p
Also PiVj" = PgVa" = constant

;
y* j

= ;

Vi /PA- ^ /V,\”“’ /PA—'
V, = (?,>= “Hv,) =(p,)”

Therefore work done during expansion between pressures Pj and Pg

^
• 144 X I - (p’’) iT

}^ /o\

The above equations (1), (2), and (3) give the work done per cubic

foot of gas during expansion only, and with zero back pressure.

Therefore the total work done during admission and expansion

against back pressure Pg

= ^l-iW^'-W + r,v.-P.y,

Relation between Volume, Pressure, and Temperature for a Perfect

das.

P,V, = RT, ;
P,V, = RT, ^

y y

For adiab9.tic expansion, also PjVj = ^2^2

. , . T2 PiVi^p.Vj /VAv-»
therefore multiplying, ^ = r = I v /

P,V, P,V,

T, /PAtri
T, - VPj
/. T, : T, : : V/"' : V/"*

and Tj : T2 : : Pj T : P2 v

V*: V,::P,r:P,Y

v/:v/::P,:P2

Example.—Air is drawn into an air-compressor at 60° Fahr., or

521° absolute, and at atmospheric pressure : find the temperature

when the pressure is raised to four atmospheres without loss of heat

by cooling.
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Then from equation-

= 621(4)“
log T^^log 521 log 4

= 2-7168 + (0-29 X 0-602)

= 2-8914

Ta = 779^" absolute, or 318° Fahr.

To find the value of n in the equation PV^ = constant.

1. Let ah be a portion of the curve of the form PV” constant.

Take any point p in the curve, and
draw a tangent to the curve from p,
intersecting OY and OX in c and d

;

then — = n, which may be ob-
eo fd .

^

tained by measurement. This method
may be applied to indicator diagrams

when ep = total volume of gas (in-

cluding clearance), and OX = zero line

of pressure (absolute).

2. The value of n may also be obtained

by taking any two points on the curve

;

then using the equation

—

PiVi - P,V,
area = — -—

—

n — 1

(except when n = 1, when the formula fails).

3. Since PV^* = Fi^i” = constant

—

log P -j- n log V = log Pi -f log Vi

_ log Pi
- log P

“ log V - logVi

Heat-lnergy represented by Areas.’—When heat is applied to
a perfect gas—that is, a gas in which none
of the heat added is absorbed in doing work
to overcome internal resistance, but all the

heat goes either to increase the temperature
or to do external work—then the quantities

of heat involved may be represented by areas

as follows

:

1. Let A represent the condition as to

pressure and volume of 1 lb. of gas at a

given temperature
;
and let the gas expand,

doing work by virtue of the heat-energy con-

tained in the gas, but without loss or gain of

heat externally. Then, when the gas has expanded indefinitely until

* See Papers by Dr. Oliver Lodge, Engineety January, X894.
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the whole of the intrinsic energy has been expended by conversion
into work, the temperature will have reached absolute zero. The
work done, and therefore also the intrinsic energy of the gas at the
beginning—in condition represented by point A—will be represented
by the area enclosed by the lines Ac, cX, and the adiabatic curve Aa
prolonged to meet OX (Fig. 9).

If expansion continue to zero temperature and pressure, then—
PiVi - P2V,

area =

But Pg = 0,

- 1

/. area = PiV,

y-1
JRTi
y-l = k„t,

either of which expressions represents the intrinsic energy of the gas

in state A.^

2. If heat be added to the gas in state A at constant volume till its

temperature rises to B, then, if adiabatics be drawn through A and B
(Fig. 10), area XcAa represents the intrinsic heat-energy in the gas

in state A, XcB6 the intrinsic energy in state B, and the area aAB6
represents the additional heat required to change the state of the gas

from A to B.

Since the internal energy in a given weight of gas depends on the

temperature, then, if temperature at A = Tj and that at B = Tg,

considering unit weight of gas

—

area aAB6= K„(T2 — Tj)

3. For any change of state from A to B accompanied by addition of

heat, if adiabatics be drawn through A and B, area aABb gives the

heat received by the gas during the change from state A to state B.

But during expansion from A to B work has been done represented

by area cABd (Fig. 11), and therefore the total heat applied = in-

trinsic energy in B + work done in passing from state A to state

B — intrinsic energy in A

;

that is, XdBfc + cABd — XcAa = aABb = heat supplied

If the temperature of the gas at B is greater than that at A, then

' To draw an adiabatic curve, see Appendix.
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the intrinsic energy at B is greater than at A, and the heat added to
the gas at A is more than that required merely to do the work cABd

4. Let now the path A to B be situated as in Fig. 12, where B
falls be^ow the adiabatic through A. Here no heat has been received

from external sources
;
on the contrary, loss of heat has taken place

represented by area IBAa. And intrinsic energy of gas in state

A = work done during expansion A to B + intrinsic energy remaining

in gas in state B + loss of heat during expansion ; or

—

area XcAa = cABd + X.dBh + hBAa

5. An important case is the one in which the heat added to a

perfect gas during expansion is the exact equivalent of the work done,

and therefore the temperature at the end of the operation remains

the same as at the beginning. This is the case of isothermal expansion.

Here, since AB (Fig. 13) is an isothermal, or line of constant tem-

perature, the intrinsic energy of the gas is constant at any point in

this line independently of pressure or volume. Intrinsic energy in

A = XcAa. Heat added during expansion A to B = aABb. But
energy at A -f heat added = energy remaining at B -f work done ; or

XcAa + aABb = XdB?> -f* cABd
But XcAa = XdBfe

aAB?> = cABd

that is, the heat added to a perfect gas during isothermal expansion

is the exact equivalent of the work done.

The relation of the four areas marked W, X, Y, Z (Fig. 14), to the

quantities of heat involved in the change

from A to B when AB is an isothermal line ^

is as follows :

—

W -f X = work done
X + Y = heat received equivalent to work

done
W + Z = intrinsic energy in gas at A
Y -|- Z = intrinsic energy in gas at B
W = work done at expense of intrinsic

energy originally present at A 0

X = additional work done by heat re-

ceived during operation AB
o
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Z = residual energy remaining of original energy at A
Y = additional heat-energy to maintain constant intrinsic energy

of gas during expansion along the isothermal line AB
Work done during Compression.—If a quantity of gas, in state A

as to pressure and volume, be compressed in a cylinder under a

movable piston, then, if the compression

take place slowly, the heat due to the

work done upon the gas, instead of in-

creasing its temperature, may be supposed

to be dissipated through the sides of the

containing vessel. In this case the tem-

perature would remain constant, and the

pressure would increase in accordance

with Boyle’s Law, and the curve of com-

pression would be given by the isothermal

curve AB. If, however, the compression of the gas is supposed to take

place' quickly, then the heat due to the work done upon the gas will

increase the temperature of the gas, and the pressure will also rise,

in consequence of the increased temperature, above that during

isothermal compression, and the curve of compression will be given

by a curve AC above AB.
The work done upon the gas during isothermal compression is the

same as the work done by the gas during isothermal expansion, and

is given by the expression PiVi log^ *^’; or = RTj log^r where Vj is

the original and Vg the final volumes, and Vj V2 = r.

Similarly, the work done upon the gas during adiabatic com-
pression is the same as the work done by it during adiabatic

expansion—
- P2V2

These principles may be illustrated by taking the work done in

an air-compressor (Fig. 1 6) on 1 lb. of air. During the suction stroke

from O to M, the volume Vj at pressure Pi is drawn into the cylinder.

On the return stroke the air is confined, and as the volume decreases

the pressure increases finally to Pg, at which pressure the air is forced

into the mains. If, during the operation of compressing the air,

the heat due to compression is all removed by some method of

cooling, the temperature of the air will remain constant, and the

line of pressures will follow the isothermal curve NE. If, however,
the air is not cooled during compression, but all the heat due to

compression be retained, then the line of pressures will follow the
adiabatic curve NP. In practice the actual curve takes some position,

NG, between the isothermal and adiabatic lines.

During the suction stroke BN the work done =
During compression NF up to pressure jpg

= work done

- Pl^l
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During the delivery of the air FA against constant pressure the

work done = pj®,. The net work (U) of compression from pj, to ps
and delivery at per lb. of air =
area BAFN.

• Pi»,

_ jCm -

But -* =

The work done upon the gas

by compression from to p.^ is

converted into heat and increases

the temperature of the gas, thus—

T,

The mean effective pressure during compression and delivery =
U

When the compression is adiabatic, w = y = 1*4.

Carnot’s Cycle.—A cycle is defined as a series of operations through
which a substance is passed, the substance being brought back
finally to the same state in all respects as that from which it started.

The area enclosed by the cycle is a measure of the net or useful work
done.

.
The cycle of operations known- as Carnot’s cycle for a perfect or ideal

heat-engine consists of four stages, illustrated as follows :

—

Let a cylinder contain unit weight of gas enclosed under a
movable piston, and let there be an indefinite supply of heat at

constant temperature, T^
;

also a lower limit of temperature, Tg.

Then, - assuming no losses due to radiation, conduction, and
friction

—

1. Let the temperature of the gas in the cylinder to start with be
the same as that of the source of heat, namely Tj, and let the cylinder

be in contact with the source of heat. Then, if the gas at state point

A (Fig. 17) in the cylinder expands, doing work on the piston, and at

the same time a supply of heat from the source passes into the gas,

maintaining the temperature constant at Tj, the change of pressure and
volume will be represented by the isothermal line AB. During this
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process the work done = aABb. At the same time a quantity of heat,

Qi, has been given to the expanding gas

—

Qi = aAB6 = XABY
2

.

Let the supply of heat be cut off at B, and let the gas continue

to expand without any further communication of heat. Then the

pressure will fall more rapidly, and
the temperature will no longer be
maintained at Tj, owing to the loss

of heat in the performance of

external work, which has been

done at the expense of the intrinsic

energy of the gas
;

and let the

temperature fall to the lowest tem-

perature, T2, during which the ex-

pansion curve BC is described. The
work done during BC = 6BCc. This

completes the-forward stroke.

3

.

By the aid of a flywheel or

other means, let the return stroke

now be made
;
but let the cylinder be now placed in contact with

an indefinitely large cooling arrangement, represented by the. lower

limit of temperature, T2, the temperature of the gas at C being

also Tj. There is at first no transfer of heat. But, as the gas is

compressed behind the piston while it returns, the immediate eflect

is to increase the temperature of the gas
;
but, being in contact with

the cooler at temperature T2, the temperature remains at T.2 during
the time the compression is going on. Let the compression continue

till the piston reaches point D, when communication with the cooler is

closed.

The point is so chosen that the adiabatic through D passes

through A.
During this third operation the piston does work on the substance,

the amount of which is negative and is equal. to the area cCDd.
At the same time a quantity of heat, — Q2, has been rejected to the

cooler

—

Q2 = cCDd = XDCY
4

.

Continuing the compression, no heat can now escape, and the

pressure and^temperature rapidly rise
;
the compression line DA is

described, and the substance is restored to A at Tj, where its condition

is now in every respect the same as at the beginning of the series of

operations. The work done during the compression DA is negative,

and is = aAT>d,
The net work (W) done is the algebraic sum of the work done

during each of the separate operations; thus, using the symbol
to represent work done during the first operation, namely, expansion
AB—

W = W, + W2 ^ W3 - W4
s= area ABCD
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These quantities may be stated in detail thus, using for pressure
at a, and for volume at a

;

then

—

0 )

V
= pj>„ log, Y

since AB is an isothermal line. Tliis also represents heat taken
in by gas during expansion AB = = aABb = XABY.

(2) No heat taken in or rejected. Work done by gas during
adiabatic expansion BC = W^

—

loss of internal energy = K/Tj — T2)

(8) Heat rejected during operation CD = W3

—

Y

= Q2 = cCDd = XDCY
(4) No heat taken in or rejected. Work done on gas during

adiabatic compression DA = W4

—

W4
gain of internal energy = Kp(Ti — T^)

In operations (2) and (4) the loss and gain of heat are equal

and balance each other ; also comparing the work done in the two
cases W2 and W4, it will be seen that the equations are equal, for

p^^v,^ = pi,Vi^, since a and b are on the same hyperbolic curve. It

has also been shown (p. 14) that, since AD and BO are adiabatic

curves

—

('V. /V.Nir-. T.,
.

Comparing stages (1) and (3)

—

,
V, V,

w’e have ^ ^ = r

Y
therefore from (1) Wj = p^v,^ log^ -yr =

^ a

Y
and from (3 )

W3 = p^v^ log, y™ =

log, r

RT2 log, r

Then the difference between heat absorbed in (1) and heat rejected

in (3) = heat converted into work = R(Ti — Tg) log, r.

But total heat received = RTi log^ r

therefore efficiency =
RTi log, r Ti

From a study of the statement of the Carnot efficiency, it will be

evident that between given limits of temperature the efficiency of an

engine is the greatest possible when the whole reception of heat takes
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place at the highest limit, and the whole rejection of heat at the

lowest/^

The greater the range of temperature available, the nearer the
T — T

fraction — m—

•

approaches unity, and therefore the greater the
•ti

value of the efficiency of the engine, other things being equal.

The range may be increased by increasing the value of T^, or

decreasing the value of Tg.

Suppose an engine to work between the temperatures 300° Fahr.

and 60° Fahr. Then its maximum efficiency

rr = ~ ~ 0*315 = 31*5 per cent.

It will therefore be seen that the quantity of heat which is rejected

at Tg is necessarily large even under the best conditions, and that the
efficiency is of necessity far removed from unity.

The value of the fraction increases as T^ increases, and this is the

direction in which improvement continues to be made from time to

time in the steam-engine, and it has been carried to a still greater

extent in the gas and oil engine.

The lowest practical limit, Tg, is the temperature of the surrounding
atmosphere.

It may assist the student if the action of heat-engines, working
between given limits of temperature, be compared with the action of

the water-wheel working between two different water-levels. The
water-wheel is a device for using the difference of water-level, while

the heat-engine is a device for using difference of temperature, in

both cases for the purpose of doing useful work.

In the case of the water-wheel, it is evidently essential to maximum
efficiency that full use should be made of the difference of level

;
that

no part of the height is wasted before the water reaches the wheel or

after it leaves it. In other words, to take full advantage of the

height, the wheel should receive its water from the highest level and
release it at the lowest.

We might push the analogy a step further to illustrate the prin-

ciple that reversibility is a condition of maximum efficiency. For
suppose some external mechanical power to work the water-wheel;

then, if the direction of rotation of the wheel be reversed, the wheel
might be made to transfer water from the lower level to the higher

level, providing that the wheel, when working normally, received

water at the highest level and rejected it at the lowest
;
any fall at

either side of the wheel would prevent it from being reversible.

This analogy is due to Carnot.

If the reversible water-wheel just described were turned in the

reverse direction by a second water-wheel (made somewhat wider,

so as to make it, say, 20 per cent! more powerful), then the first

wheel might be made to lift the water back again from the bottom
level to the top.
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I£, however, the water-wheel were reversed by means of a heat-

engine instead of by another water-wheel, then, with the ordinary

commercial engine, the heat expended will be from five to ten times
as great as that actually converted into work, 80 to 90 per cent, of

the heat being rejected at the exhaust of the engine.

From this we see that when work is done by gravity, or transferred

as work in any way, the loss is merely that due to the friction of the

machinery of transmission, and need not be more than perhaps 20
per cent.

;
whereas when work is done by transmutation of heat into

work, there is always a necessary and unavoidable loss of at least

70 per cent, of the heat, when working between the limits of tempe-
rature at present used in steam-engines, and a further loss of from
10 to 20 per cent, from causes which are more or less preventible.

It appears, therefore, that work obtained by means of h^t-engines
is a somewhat costly commodity, and it is therefore important to

strive to obtain as high a percentage as possible of the heat actually

available as work.

From what has been said, it will be evident that though, by the

first law of Thermodynamics, heat and work are mutually con-

vertible, all the work which can be obtained by the conversion of

the heat will not be available as useful work. Thus, when speaking

of the heat value of 1 lb. of coal as 14,000 heat units, and expressing

the same as units of work, we write

—

14,000 X 778 = 10,892,000 foot-lbs.

But it is a mistake to suppose that this number of foot-pounds of useful

work can be obtained from 1 lb. of coal, as only about 30 per cent,

of it is available for the performance of useful work under the most
perfect conditions within present limits of temperature.

By a consideration of the areas. Figs. 10, 11, 13, and 17, it will be
seen why it is not possible in any case to convert into useful work
the whole of the heat added to a working fluid. Thus, suppose 1 lb.

of air at atmospheric temperature, say 60°, is heated to 500° Fahr.,

and the gas is expanded behind a piston, doing work until the

temperature has again fallen to 60°. It might be thought that the

whole of the heat in this case had been converted into useful work

;

but it is not so, because during the expansion of the gas—in addition

to the useful work done—it has been doing work against the back
pressure on the other side of the moving piston

;
and it would only

be possible to convert the whole of the heat into useful work provided

the gas was expanded against absolute zero of pressure and tempera-

ture behind the piston
;
also that the expansion of the gas itself was

continued down to this limit, namely, the absolute zero of tempera-

ture and pressure. The loss due to incomplete expansion and to

work done against back pressure accounts for the large loss 6£ heat

rejected at the exhaust in all heat-engines (see Temperature-entropy

diagrams. Chap. III.).

By the second law of Thermodynamics, it is not possible to expand,

to any useful purpose, below the temperature 6f the surrounding
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atmosphere, and there are many practical objections to expanding
as far as this, especially that of excessive dimensions of the engine.

Increase of practical efficiencies must therefore be obtained in the

direction of increased initial temperatures, as very little improvement
can be expected at the lower end of the scale.

These statements may be summarized as follows :

—

1. WorJc transmitted as work, as from one machine to another. The
possible efficiency may reach nearly 100 per cent., depending only on
the loss of friction.

2. Heat transmitted as heat, measured as heat units and indepen-

dently of temperature
;
as from the furnace to the water in a heating

apparatus. The possible efficiency may reach perhaps 90 per cent.,

depending only upon the difference between the quantity of heat, Q^,

generated by the products of combustion and the quantity, Qg, rejected.

The efficiency = (Qi — Qg) -r- Qi» where Q = quantity of heat as distin-

guished from temperature.

3. Work converted into heat, as in the case of the friction brake.

Here the efficiency will be 100 per cent.

4. Heat converted into work. Here the efficiency always equals

(Qi — Qa) 4- Qi) where Qj = heat received, and Qq = heat rejected

But this practical efficiency, always falls short of the
SJl

T — T
efficiency, of a perfect engine.

Within the present limits of temperature used in steam engines,

the efficiency of the perfect engine cannot exceed alxjut 30 per cent.

The actual efficiency of steam-engines varies from 2^ to 20 per cent.



CHAPTER II.

PROPERTIES OF STEAM.

The volume of 1 lb. of water at its temperature of maximum density

= 0*016 cub. ft. At higher temperatures its volume per pound in-

creases, and is obtained by multiplying 0*016 by a factor, the value

of which, as determined by Him, is as follows

Temperature.

212'' Fahr.
284"
356" „
392" „

Factor.

1*0431

1*0795

1*127

1*159

Let heat be applied to 1 lb. of water at 32° Fahr., enclosed in a

cylinder under a movable frictionless piston exposed to atmospheric

pressure externally, and suppose the area of jbhe piston to be 1

sq. ft. Then, neglecting the weight of the piston, the pressure on

the piston = the pressure of the atmosphere = lbs. per square inch

= p X 144 lbs. per square foot = P.

The effects of heat upon the water are

—

1. The temperature rises, but the piston remains stationary, except

for the small expansion of the water, till a certain temperature is

reached depending on the pressure on the piston. This temperature

is called the hoiling-point, and it varies as the pressure on the water

varies, thus

:

Prefisure on water. Boiling-point.

1 lb. per square inch

5 ,«

10
14*7 (atmospheric pressure)

20 lbs. per square inch

100 ' „
350 .9 99

162" ,

194" 9

212" ,

228" .

328" ,

432" 9

2. As soon as the water has reached the boiling-point, though the

application of heat is still continued, there is no further rise in

temperature, but steam begins to form and the piston to rise against

external pressure. Meantime the water gradually disappears, the

weight of steam formed corresponding to the weight of water which
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disappears, till the whole of the 1 lb. of water has been converted

into 1 lb. of steam. The steam during formation remains at the

same temperature as the water from which it is produced. The heat

added all the while evaporation is taking place is termed “ latent

heat/’ so called because the continued application of heat during
evaporation does not raise the temperature, and it was not clear to

the early experimenters what became of this heat.

3. The water having been completely evaporated, if the heat be
still further continued, the temperature, instead of remaining con-

stant as before, will again begin to rise, now that the steam is no
longer in contact with water; and the piston will also continue to

rise higher; and the result will be the formation of superheated

steam at constant pressure, but increasing volume and increasing

temperature. Steam is said to be “superheated” when it is heated
above the temperature of the boiling-point of the water corresponding
to the pressure at which it is generated.

Saturated Steam is steam at the greatest possible density for its

pressure. It is invisible, and also, of course, “ dry,” as, if it were
not, it must contain moisture or water in suspension, and this would
then not be steam only, but a mixture of steam and water, or wet
steam, which is no longer invisible.

If 1 lb. of water is gradually converted into steam in a cylinder

under a movable piston, the steam is saturated all the time of its

formation until the last drop of water is evaporated. Beyond that

point, if the heat is continued, the steam becomes superheated,

increases in volume, and the vessel no longer contains steam at the

greatest possible density.

Pressure and Temperature of Saturated Steam.—The temperature

of saturated steam in the presence of water is the same as that of

the water with which it is in contact, and there is one temperature

only for steam at any given pressure. At any other pressure the

temperature has some other value, but always fixed for that particular

pressure. If the temperature falls, then the pressure falls, and a

portion of the steam is at the same time condensed
;
or if the tempe-

rature increases, then the pressure also increases, and more of the

water present is converted into steam.

It may here be noted that, in practice, the water in a boiler, when
the circulation is bad, is not all of the same temperature throughout.

The temperature of the upper portion of the water is the same as

that of the steam, but the temperature of the water below the fire

is not necessarily the same, and where this occurs, the effect is to

produce unequal expansion in the boiler, which is the cause of many
serious boiler troubles.

Our knowledge of the relation between the pressure, temperature,

and volume of saturated steam is chiefly due to the experiments of

Begnault. The results of these experiments were stated in the

form of equations, from which the tables now in use have been

calculated.

Regnault's experiments were conducted with great care and
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accuracy, and the results plotted, and curves drawn on copper, from
which the formulae were then deduced.

The general relationship between pressure and temperature is set

forth in the following diagram (Fig. 18), from which it will be seen

that the pressure not only varies with the temperature, but that the

rate of change of pressure is more rapid as the temperatures increase.

Thus at 212° Fahr., and at atmospheric pressure, a rise of 1° in

temperature is followed by a rise of pressure of hardly j lb. per square

inch, while at 400° Fahr., or 250 lbs. pressure, a rise of temperature
of 1° is accompanied by an increase of pressure of 3 lbs. per square
inch

; and the pressure rapidly increases
;
thus steam at 546° Fahr,

has a pressure of 1000 lbs. per square inch.

It has been proposed to use high-pressure steam in pipes of small

bore to act as a means of superheating steam brought in contact with
the external surface of the pipes, but it will be seen how enormously
high the pressure must become before a temperature can be reached
which shall be of much use for superheating. ^

It should also be pointed out that though the working pressures

of steam will undoubtedly continue to rise in many departments of

engineering, yet the efficiency of the

steam is proportional to the range of
temperature through which it works,

and hence the rate of gain of effi-

ciency will not keep pace with the

rate of increase of pressure.

Rankine gives the following equa-

tion connecting the pressure and
temperature of saturated steam :

—

^ B C
T ~ T^

in which T = ^ -f 461*2 Fahr.

For pounds per square inch the

values A, B, and C are, A = 6*1007,

log B = 3*43642, log C = 5*59873.

This equation gives very accurate

results. It is most convenient to

obtain temperatures from the tables

in practice, but the tables usually do not give values at very high

pressures.

Specific Heat of Water and Steam.—For practical purposes, the

specific heat of water is reckoned as unity at all ordinary temperatures.

In other words, if t be the temperature of the water, then the units^ of

heat required to raise 1 lb. of the water from 32° to /° = < *~ 32. This,

however, though sufficiently accurate for practical purposes, is not

strictly true.

The specific heat of steam, according to Regnault, is 0*4805 at

constant pressure, and 0*346 at constant volume.

LBS

Fig. 18 .
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Total Heat of pteam.—The total heat of evaporation (H) is defined

to be the number of units of heat required to raise a pound of water

at 32° Fahr. to a given temperature,

and to convert it all into steam at

that temperature. The equation by
which the value of H may be calcu-

lated for any temperature, of the

steam in Fahrenheit units is

—

total heat = 1082 -f 0‘305t

From which it will be seen that the

total heat slowly increases as the

temperature of evaporation increases,

namely, by 0 305 thermal unit per degree of rise in temperature (see

Fig. 19).

Heat to raise the temperature of the water (h) during evaporation,

reckoned from 32°, is the number of thermal units per lb. to raise the

water from 32° Fahr. to the temperature of evaporation t. In practice

it is usual to obtain the value of A, thus

:

= < - 32

The true value of h is, however, somewhat greater than this, and is

given in the Tables in the Appendix
;

it includes the heat used in

expanding the water as well as in increasing its temperature.

If the feed water supplied to a boiler is at some temperature, tf

higher than 32°, the total heat of evaporation is then reduced by

tf
— 32 ;

thus, if the temperature of the water to begin with is, say,

50° Fahr., then the total number of thermal units per pound required

to convert it into steam at 212° will be less than that given by the

tables by 50 - 32, or = 1146*6 - (50 - 32) = 1128*6.

Latent Heat.—The latent heat of evaporation (L) is defined as the

heat required to convert 1 lb. of water at a given temperature into

steam at the same temperature, and under constant pressure.

H = L+fe
or L = H - A

Or L may be obtained approximately by' the following formula :

—

L = 1114 - 0*7<

From this equation it will be seen that the latent heat decreases as

the temperature increases (see Fig. 19).

During the evaporation of 1 lb. of water, for every additional

unit of heat, part of the 1 lb. of water is converted into steam,

till the last drop of water is evaporated. The heat L supplied

during this process of evaporation has been expended in two ways :

(1) In overcoming the internal molecular resistances during the

change of state from water at boiling temperature to steam. The
heat so used is termed the internal latent heat, and is usually written

Temperature

Fig. 19.
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with the Greek letter p. (2) In doing external work by overcoming

the external resistance or pressure, P, per square foot throtigh a space

equivalent to the volume occupied by the 1 lb. of steam at the given

pressure, less the original volume of the 1 lb. of water. This heat is

called the external latent heat, and is written E.

Latent heat.

Internal heat. External heat.

Then, during formation of steam

—

total heat H = + L
= fe + p + E

PV PV
also E = -y- = heat-units

PV is the work done in foot-pounds, omitting the volume occupied

by the water from which the steam was generated.

If « = volume of the water in cubic feet before evaporation begins,

and V = volume of the steam when the last drop of water has been

evaporated, and P = external pressure in pounds per square foot, then

change of volume = Y — s = u, and the external work done = E =
P(V - «) = P(V - 0-016) = Pa,

The value of V is very large compared with «, and the more so the

lower the pressure. Thus at atmospheric pressure, V = 1644 times s,

while at 200 lbs. absolute pressure, V = 141 times 8.

The internal latent heat of steam (p) may be written in work- units,

thus :

p = J(L) ~ P(V - .)

The “internal latent heat” (p) must be distinguished from the
“ internal or intrinsic energy ” (p + h) of steam.

In the short Table on p. 30, particulars are given of the quantities
of heat involved for a few cases of varying pressure from 1 lb. to
200 lbs. absolute pressure, and a careful study of this table will be
helpful.

Taking the items in the order given

—

(1) The temperature of 32° Fahr. is taken as the arbitrary starting-

point from which all quantities of heat are measured.

(2) The temperature of the boiling-point increases with the pressure
;

but the temperatures increase more slowly as the pressures increase

(see also Fig. 18, p. 27).

(3) As the pressure under which the steam is formed increases,

the steam becomes more dense, and thus the volume occupied per
pound becomes smaller.

If the steam be formed at atmospheric pressure, then its volume
per pound is 26*6 cub. ft., but if the pressure is increased to 200 lbs.

per square inch absolute, then the volume per pound is 2*29 cub. ft., or

only about of the volume at atmospheric pressure.
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(4) The total heat required to generate 1 lb. of steam increases

as the pressure increases, but the difference is very small. Hence
the cost, or heat expenditure, per pound of high-pressure steam is

very little greater than the cost per pound of low-pressure steam.

Thus the total heat of steam at 200 lbs. absolute pressure is 1198,

while that of steam at 100 lbs. is 1182, or a difference of 16 units of

heat per pound, or 1*4 per cent. But the possible work due to ex-

pansion from the higher pressure is much greater than from the lower.

Thus, expanding down to 10 lbs. from 200 lbs. initial pressure, the.

mean pressure is 40 lbs.
;
and from 100 lbs. initial pressure, the mean

pressure is 33 lbs., or a gain of mean pressure of 21*2 per cent.,

neglecting back pressure.

(5) The value of h, or the number of units of heat per pound con-

tained in the water itself measured from 32® to temperature of the

boUing-point, increases with the pressure. It will thus be evident

that boilers having a large water space, as the Lancashire and Scotch

or marine boiler, carry a large store of heat in the water itself.

Thus the heat contained in the water of a boiler at 200 lbs. pressure

= 354*6 — 180*7 = 173*9 units per pound more than if the pressure

in the boiler were at that of the atmosphere. When the pressure in

the boiler falls from some high pressure to a lower pressure, the heat

liberated from the water itself is capable of evaporating a certain

portion of its own weight at the reduced pressure. Thus, if =
the difference of temperature due to fall of pressure, and L = the

latent heat of steam at the lower pressure, then weight of water
evaporated by heat contained within itself = — <2) "r* L lbs. per

pound of water present.

Pressure per square inch (abso-1
1

.
lute) on water during evapora-> 1 14-7 50 100 200
tiou 1

Temperature of water supplied

\

Fahr /

32° 32° 32° 32° 32°

Temperature of water at boil-1

ing-point Fahr. /
102° 212° 280’8° 327-6° 381*7°

Volume of 1 lb. of steam (cubic!

feet) /
334*6 26’64 8-414 4*403| 2*29

Total heat to generate 1 lb. ofl

steam from water at 32° Fahr. >

= H )

1113*1 11466 1167*6 1181*9 1198*4

Units of heat to Taise 1 lb. of

water from 32° Fahr. to boil->

ing-point = /^ = t — 32 nearly)

70*0 180-7 250*2 297*9 354*6

Latent heat = E p 1043*0 965*8 917*4 884*0/ 843*8

External work = E 61*9 72*3 77*7 81*2 81*3

Internal work =: p 9811 893*5 839*7 802*8 759*5

Percentage of H converted into!

work, E j

5*56 6*30 6*65 6*87 7-02

Heat in the steam, counting!
from 32° pahr. /

1051*2

t

1074*2 1089*9 1100*7 1114*1

If, in a boiler, steam is raised to some pressure above the atmosphere
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ready for starting, but with the stop-valve, and all outlets closed, the
surface of the water, if it could be seen, is comparatively quiescent

;

but on opening the stop-valve and starting the engine, or on lifting

the safety-valve by hand, or in any other way relieving the pressure,

however slightly, then more or less violent ebullition immediately
takes place, due to the fact that the heat stored in the water is in

excess of that required at the reduced pressure, and this liberated heat

goes to evaporate water.

A similar effect occurs in the case of water in steam-cylinders when
the pressure is reduced by expansion, or during exhaust

;
the heat

present in the water at the initial pressure and temperature exceeds

that which the water can retain at lower pressures, hence a portion

of the water is evaporated from this cause as soon as the pressure

falls (see ‘‘ Re-evaporation,” p. 112).

(6) It will be noticed that the latent heat decreases as the pressure

and temperature increase. Considering the component parts of latent

heat separately

—

First, the heat (E) transformed into external work. The boiler,

the steam -pipe, and the cylinder up to the face of the piston may
be looked upon as one vessel, having a movable side, represented

by the piston, by which the volume may be increased. During
the formation of steam in the boiler, each successive portion of the

steam generated expands from its volume as water to its volume
as steam, against the resistance of the surrounding pressure

;
and

thus, in addition to the heat contained in the steam, heat has been
expended at the moment of formation in the boiler in doing the work
of finding room for the steam, which is found by the movement of

the piston. The heat thus expended in the performance of external

work is the quantity E, the value of which in the table, though not

quite constant at all pressures, is nearly so, increasing slowly as the

pressure increases.

The heat expended in external work during formation of steam at

200 lbs. and 14*7 lbs, pressure respectively is as follows :
—

200 X 144 X 2*29 ^ 778 = 84*3 heat-units

14-7 X 144 X 26*04 778 = 72*3

12*0

or a difference of 16*8 per cent., showing the extent of the increase in

the value of E between the limits of pressure given.

This heat, it should be remembered, having been expended during

the process of formation of the steam, is not, and never has been,

present in the steam, but was supplied as required from the original

source of heat. Condensation in the cylinder of a steam-engine,

therefore, so long as the cylinder is in communic£ition with the boiler,

is not due to the performance of work.

As soon, however, as cut-off takes .place, the steam is no longer in

communication with the original source of heat, and all the work to
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be done, during the expansion of the steam from the point of cut-off

till it leaves the engine, must be done at the expense of the intrinsic

energy of the working fluid in the cylinder, which includes the

internal latent heat of the steam p, and that portion of the heat of the
water Ji which it gives up during expansion.

When steam is used in the cylinder without expansion, it is the

external latent heat E which is used, and the small proportion which
this bears to the total heat will be seen from the Table. Thus, for

1 lb. of steam at 100 lbs. per square inch absolute, the external latent

heat E is 81*2, and the total heat from 32° Fahr. is 1181’9, or the

proportion of the useful work done to the heat expended is only 6*9

per cent., and this is the maximum efficiency possible when no further

attempt is made to utilize the heat still contained in the steam by
making use of its expansive properties.

When steam is formed under pressure, work is done against the

pressure
(
= PV, the product of the pressure and the volume of the

steam formed), and steam condensed under pressure has work done
upon it by the pressure (also = PV, or the product of the pressure and
the volume of the steam condensed).

Density and Volume of Steam.—Various formuke have been devised

to show the relation between the pressure and volume of steam, and
to draw the curve known as the curve of constant steam weight. This

relation has not yet been determined by experiment except for a limited

range of pressures. From the experiments of Messrs. Tate and Unwin,
the following formula has been deduced :

—

V = 0-41

or (y — 0*41 )(jp + 0*35)

389

jp -t-0*35

where p ~ pounds per square inch absolute, and v = volume of 1* lb. of

steam in cubic feet at pressure p.

A formula of the following form gives very accurate results :

—

pv^ = constant

For dry steam the value of the index n is, according to Zeuner, 1 *0646,

and the constant is 479 for pressures in pounds per square inch and
volumes in cubic feet, thus

—

^^1 0646 ^ 479

liankine gave n = ~] thus

—

1 7

pv^^ = constant = 482

or, as given by Mr. Brownlee

—

= 330*36

then log V = 2*519 — 0*941 logp

equals the logarithm of the volume of 1 lb. saturated steam in cubic
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feet. The density of steam, D (or its weight per cubic foot), is the

reciprocal of the volume.

1

V 330-36

or log D = 0*941 logp — 2*519

Equivalent Evaporation from and at 212° Tahr.—It is usual, in ex-

pressing evaporation results in steam-boiler trials, to reduce them all

to one common standard, namely, that of the number of pounds of water
which would be evaporated with the same number of heat-units from
a feed temperature of 212° into steam at 212°. If the feed water be
at a temperature of 32°, then the total number of heat-units required

to evaporate the water at a given pressure may be found from the

table of total heat of evaporation
;
but if the feed water be at some

higher temperature, then the heat-units required per pound are less

than the total heat H from the Tables by — 32.

H — (/y — 32) = H -f 32 — < = heat-units per pound

But the heat-units required to convert 1 lb. of water at 212° into

steam at 212° 96G units. Therefore the equivalent weight of

water, Wj, evaporated “from and at 212° Fahr.’’

—

W, =Wx—
Example.—A boiler evaporates 9 lbs. of water per pound of coal,

working at a pressure of 90 lbs. absolute, feed temperature 60° : find

the equivalent evaporation from and at 212° Fahr,

W X
H -t- 32 -

966’ 9 X
1179*6 + 32 - 60
“

96(5
= 10*728 lbs.

where W = weight evaporated from actual feed temperature.

Incomplete Evaporation. Wet Steam.—It has been assumed so
‘

far that, during the evaporation of the 1 lb. of water, the whole of

the water is completely evaporated to dry steam. But, in practice,

the steam from steam-boilers always contains more or less moisture

in suspension. Sometimes the moisture present is considerable.

The total heat required to produce wet steam is, of course, less than

that to produce the same weight of dry steam, by the latent heat

which would be necessary to convert the proportion of moisture

present into steam. This is an important point to bear in mind
in estimating the evaporative efficiency of steam-boilers, and many
impossible results have been claimed for boilers through neglect to

estimate the quality of the steam obtained as to dryness. Thus,

suppose a boiler to supply perfectly dry steam at a pressure of 90 lbs.

absolute, corresponding to a temperature of 320° Fahr.
;
temperature

t of feed-water = 60° Fahr. Then the total heat of evaporation

—

= H - - 32)
= 1179*6 - (60 - 32)
- 1161-6

t)
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Or the total heat of evaporation might be written

—

*Q = x\jL -f- lii — liy

where a> = the dryness fraction of the steam. Then, if a; = 1, which
is the case for perfectly dry steam

—

Q = 889*6 + 290 - 28
= 1151*6

The values of li and L are obtained from the steam tables, or may
be calculated.

If the steam supplied by the boiler, instead of being perfectly dry,

contains say 10 per cent, of suspended moisture, then the heat

expended per pound of wet steam

—

= Q = xJj + h^ — hf

= (0*9 X 889-6) + 290 - 28
= 1062-64

If the steam from the boiler is assumed to be dry, and the 10 per

cent, of moisture present is neglected, the evaporative efiiciency of

the boiler will be exaggerated. For 1151*6 units of heat from the

coal will evaporate 1 lb. of water from feed-water at 60° Fahr. into

dry steam at 320° Fahr. But the steam containing 10 per cent, of

moisture only actually requires 1062*6 units of heat, and therefore

the weight of water which will appear to be evaporated under the

latter conditions = iQgong
~ 1*086 lb., or 8-6 per cent. more, than

the maximum quantity possible had the steam been dry.

It is equally important, in determining the economy of steam-

engines, to be aware of the quality as to dryness of the steam
supplied to the engine, otherwise the engine may be debited with
using a weight of steam a portion of which it has not received as

steam, but as water.

Dryness Tests for Steam.—The methods adopted to determine
the condition of the steam supplied by a boiler as to dryness are

various.

1. The Barrel Calorimeter.—A common though somewhat rough
method, unless done with great care, is that of the barrel or tank
calorimeter. It consists, in its simplest form, of a barrel placed on
a weighing-machine and partly filled with a certain weight of cold

water, into which steam is carried by a pipe reaching nearly to the

bottom of the barrel, and having a perforated end. An arrangement
is also fitted for stirring and properly mixing the hot and cold

water. The increase of temperature after the addition of a certain

weight of steam to the cold water is carefully taken. If

—

W = original weight of cold water,

w = weight of steam (wet or dry) blown in.
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Hi = temperature of cold water,

^2 = temperature of water after addition of steam,

<3 = temperature of the steam,

L = latent heat of the steam at given pressure,

X = pounds of dry steam supplied,

Then

—

xL + w(ti - = W(^2 - O
Heat lost by steam. Heat gained by water,

or

—

W(/2 - )
~ - L)

^ ^ ^

Or, in words, if the heat gained by the water, namely, W(^2 — ^i)»

is reduced by the portion of heat given up by the water added which
entered as steam and with the steam, namely, w(t^ — ^2 )) the remainder
of the heat must be due solely to the latent heat of the dry steam

supplied. If, therefore, this remainder be divided by the latent

heat L of dry steam at the given pressure, the quotient gives the

weight of dry steam supplied.

Example.— If a barrel or tank contains 200 lbs. of water at a

temperature of 60® Fahr., and 10 lbs. of moist steam be added at

a pressure of 85 lbs. absolute, thus raising the temperature of the

water to 110® Fahr., find the percentage of moisture in the steam.

(Latent heat of steam at 85 lbs. pressure absolute = 892. Tempe-
rature 316®.)

Then

—

W(/2 - ^
1 )
- - t)X- -

_ 200(110 - 60) - 10(316 - 110)
_

= 8-9 lbs. of dry steam
or

—

10 - 8-9 , .— X 100 = 11 per cent, of moisture

2. The Separating Calorimeter, shown in Fig. 20, is designed by
Prof. R. C. Carpenter. It consists of two vessels, one within the

other, with a steam space between. The wet steam is supplied

through the pipe F, and the water contained in it, after striking

the convex surface of the bottom of the cup N, is thrown outwards
against the sides of the cup, passes through the small holes or meshes
in the side of the cup, and falls into chamber C. The cup N serves

to prevent the current of steam from carrying away with it water
which has already been deposited in chamber C. The steam now freed

from moisture passes away at the top of the cup N into the outside



36 STEAM-ENGINE THEORY AND PRACTICE,

chamber D, and is discharged at the bottom of the vessel through

an orifice, H, of known area, which is so small that the steam in the

calorimeter suffers no
sensible reduction in

pressure.

The pressure in the

outer chamber D, and
also the weight of steam
discharged at H in a

given time, is shown by
separate scales on the

pressure-gauge.

The rate of flow of

steam through a given

orifice depends upon
the pressure, and this

rate is determined by
trial, and the outside

scale on the gauge is

graduated accordingly.

The readings give

the weight discharged

in ten minutes. By
Napier’s law the flow

of steam through an
orifice from a higher

to a lower pressure is

proportional to the ab-

solute steam pressure,

until th e pressure
against which the flow

takes place equals or

exceeds 0*6 of that of

the vessel under pres-

sure.

If W = weight of

steam flowing through
orifice H by gauge

reading, and w = wei^t of moisture separated at K

—

W
The quality of the steam x = X 100

w
W + wthe amount of moisture == (1 — rr) = ^ X 100

The Throttling Calorimeter was invented by Prof. C. H. Peabody.

The form described here is a modification of it by Prof. R. C.

Carpenter. The action of this calorimeter depends upon the fact

that the total heat of steam at high pressure is greater than that
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at low pressure, and on falling in pressure the excess of heat is

liberated, and goes first to evaporate any moisture present, and then
to superheat the steam
at lower pressure, if the

excess of heat is sufii-

cieiit.

In the figure (21), the

steam passes from the

main steam-pipe at boiler

pressure into the vessel

C, where it falls nearly

to atmospheric pressure,

and passes away by the

exhaust opening at bot-

tom of vessel.

The temperature of

the steam in yessel C is

taken by the thermome-
ter as shown, and this

temperature is then com-
pared with the normal
temperature of the steam
due to its pressure.

The pressure of the steam in the calorimeter, above the atmosphere,
is read from the manometer or U-tube shown in the figure. This

reading, added to that of the barometer, gives the absolute pressure in

the calorimeter.

Example.—The total heat in 1 lb. of steam at 100 lbs. pressure

absolute is 1182, and that in 1 lb. of steam at 20 lbs. absolute is 1151,

and if the steam were allowed to expand from 100 lbs. in the steam-
pipe to 20 lbs. pressure in vessel C without doing external work, the

units of heat liberated per pound = (1182 — 1151) = 31. If the

steam in vessel C is at 20 lbs, absolute pressure, its latent heat is

954 units. The weight of moisture which the excess heat will evaporate
will therefore be 31 954 = 0*032 lb.

If, however, the amount of moisture present was less than this,

then the balance of the excess heat would superheat the remaining

steam above its normal temperature, and the excess would be shown
by the thermometer. In such a case the percentage of moisture may
be computed from the formula given beiow. If the moisture present is

greater than the excess heat can evaporate, then no superheating takes

place, and this calorimeter would not be applicalde. It is, however,

very accurate within the limits of its action, namely, with steam con-

taining not more than from 2 to 3 per cent, of moisture.

If = temperature of steam in main steam-pipe, ^ = temperature

in vessel C into which the steam has been expanded to a lower pressure,

and <3 = normal temperature of steam in C due to its pressure
;
then

total heat per poutid of steam carried into calorimeter =
-f- xli^. In

the calorimeter, the heat in the steam due to its reduced pressure

Fig. 21.
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= ^3 + L3 when the moisture is just evaporated ;
and if there is sufficient

excess heat to superheat the steam, then heat required = 0*48 {1.2 — ts).

Then

—

hi + ~ ^3 d" L3 + 0*48(^2 " ^3)

or

—

A3 — A| + L3 "4” 0 *48(^2 — ^3}

Expansion of Steam.—We have seen (p. 32) that when saturated

steam is worked without expansion, only about from 6 to 8 per cent,

of the heat expended is converted into useful work. It will now be

shown how further work can be obtained from the steam by expanding
it in a cylinder after communication with the boiler has been cut off,

by making use of as much as possible of the internal energy con-

tained in the enclosed steam before exhausting it into the air or

condenser.

When steam is admitted to the cylinder for a portion of the stroke

only, the piston being driven forward during the remainder of the

stroke by the internal energy of the en-

closed steam, the diagram of work is

similar to that shown in Fig. 22.

Let Opj = initial pressure of steam

;

OV2 = length of stroke
;

= line of con-

stant pressure of steam during admission

and while communication is open between
boiler and cylinder

;
a = point of cut-off

;

ah = expansion line representing fall of

pressure from to p.> during expansion of

the steam from OYj to Oy2.
Here the steam is expanded from pres-

sure Pj to pressure and exhausted against a back pressure po.

The total or gross work performed = area of whole figure Opia?>V2 0.

The total work done during admission = area OpiaVi. This is all

the work which the steam would do if there were no expansion.

The total work done during expansion = area NiahV^
The work performed against hack pressure = area Opa^Vg.
The net or effective work done = area p^p^cthpi-

Then of the total work done, the work gained by using the steam
expansively is shown by the area ViuAYg, and this area is increased the

higher the initial pressure and the greater the number of times the

steam is expanded.

The Table in the Appendix gives the factor for obtaining the

mean pressure during admission and expansion, having given the

initial absolute pressure, or the ratio of expansion, or the number of

expansions.

By “ number of expansions” is meant the number of times the final

volume of the steam in the cylinder contains the original volume

expanded.

The Expansion Curve.—The character of the expansion curve of the

Frn. 22.
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steam after cut-off depends upon the conditions as to loss or gain of

heat by the steam during expansion.

Three important cases will be considered :

—

1. The Hyperbolic Curve.—When the curve is represented by a
rectangular hyperbola, or by the formula fv = constant. This curve
approximately coincides with that obtained in practice, and, being
simpler in construction than the other
curves, is the one most usually applied

to obtain approximate results by cal-

culation of the work done in engine
cylinders.

When ah (Fig. 22) is a curve fulfilling

the condition j.v = constant, the area of

the whole figure is given as follows :

0 V
0(1 == Opi X O^j = pjVi a — PV - constant = hyperbolic curve

also the area Oh = 0^., x Oz^.)= p.>r,, — ^ = PVTB = constant = saturation curve

Tlie area v^ahv^ — where c = PV 9“= constant ~ adiabatic curve

^ ^ Fig. 23.

Therefore the whole area of Op^ahv,^ = + logt^)-

In practice there is always more or less back pressure acting against

the piston, which reduces the effective work.

Thus if op.y = back pressure, then effective work = + log^r)

— poV.2 ;
but ill all cases effective work = where p^^ = mean

effective pressure throughout the stroke, and = total volume of

piston displacement.

Therefore omitting clearance

—

+ F)g,r) - pjJ
2

or

—

1 + log^r
lhn=lh ^

where p., — Po ^ back pressure.

2. The Saturation Curve.—When the steam in the cylinder expands,

doing external work, and receives heat during the expansion from

some external source (as a steam-jacket), just sufficient to prevent

any condensation of the steam taking place, the expansion curve is

said to be the “ curve of constant steam weight,’^ and its condition at

any point of the expansion as to volume, pressure, and temperature

corresponds with the numbers given in Regnault’s Tables for saturated

steam. This curve may consequently be drawn for 1 lb. of steam by

taking the values for volume and pressure given in the Tables.

An approximate formula given by Rankine for the curve of constant

steam weight is pv^^ = constant.

3. The Adiabatic Curve.—This curve represents the expansion of

steam without gain of heat from a jacket or any other source, or

without loss of heat by radiation, conduction, or any other cause,
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except the loss of the heat which is transformed into work during the

expansion. Such conditions are, of course, ideal, but they serve as

a useful standard with which to compare the actual results obtained

in practice.
*

While the expansion proceeds, the weight of steam present as steam

is continually being reduced owing to partial condensation due to

the performance of work at the expense of the heat contained in the

expanding steam. It will therefore be evident that the pressure will

fall continuously below that of the “curve of saturation,’^ which is

the curve which would be obtained if no condensation took place.

An approximate expression for the form of the adiabatic curve is

given by Rankine, namely, — constant.

According to Zeuner, n = 1-135 for the adiabatic curve for dry
saturated steam

;
or for wet steam when x = the dryness fraction,

then n = 0-la? + 1*035 Thus, given steam with 5 per cent, of wet-

ness, then n = (0*1 X 0-9e5) -f 1*035 = 1*130. For superheated steam,
= 1-333.



CHAPTER III.

TEMPERATURE-ENTROPY DIAGRAMS.

The indicator diagram represents by an area the work done per

stroke in foot-pounds, the area consisting of pressure and volume for

its rectangular co-ordinates.

The temperature-entropy diagram, as applied to engineering pur-

poses, represents the heat -units converted into work per pound of the

working fluid. In this diagram the

vertical ordinates represent temperature
reckoned from absolute zero, and the area

of the flgure is quantity of heat, Q, in

heat-units. The horizontal dimension is

obtained by dividing the heat-units sup-

plied during any given change by the

mean absolute temperature during the

change. To this horizontal dimension

Clausius gave the name of “ entropy.^’

Entropy is length on a diagram whose
height is absolute temperature, and
whose area is energy, Q, in heat-units.

Any change of heat received or re-

jected results in a change of entropy,

the amount of the change being equal to the sum of the heat elements

added or subtracted, each being divided by the absolute temperature
of the substance at the time of the change

;
then

—

* Entropy =

The Greek letter 0 {theta) was used by Maxwell to stand for

absolute temperature, and (phi) was used by Rankine and by
Maxwell to denote entropy. Mr. Macfarlane Gray, therefore, gave
the name Ocfi {theta-phi) to this heat diagram, just as pv is a name for

the work diagram of pressure and volume as co-ordinates.

If, in Fig. 24, ah represent a line of constant temperature T^, and cd

the line of constant temperature Tg
,
also ac and hd lines of constant

entropy and (j>2 respectively, then the area abed represents to scale

the heat-units involved in the change of temperature of unit weight

of the substance heated from temperature T2 to Tj, or cooled from Tj

to T2 .

Change of temperature is here represented by change of vertical

height of the temperature lines, and change of entropy by a change
of horizontal length measured ^long the scale of entropy. Then the

Y,

Ul

ac.

D

Scale of Entropy

Fig. 24.
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quantity of heat, Q, involved in any cycle of operations, ahcd, is given

thus

:

Q = (T, - T,)(<^, - <l>0

Isothermal lines are lines of constant temperature ;
adiabatic lines

are lines of constant en-

tropy.

Entropy may also be

expressed on the pressure-

volume diagram by the

intersection of adiabatics

and isothermals, thus

(Fig. 25) the isothermals

ah and cd represent lines

of constant temperature,

Tj and T, respectively,

and ac, hd are adiabatics,

or lines of constant en-

tropy, </), and During
the expansion from a to h

heat has been added,

though the temperature

has remained constant at

Tj
;
the change is represented by a change of entropy = — </>!.

During expansion from h to d the entropy is constant, and the

change is represented by a change of temj)erature, — T^.

The Temperature-Entropy Diagram for Steam.—This diagram, first

proposed hj Willard Gibbs, and afterwards independently by
J. Macfarlane Gray, illustrates very clearly many points connected
with the thermodynamics of steam, which can only be otherwise

solved by more or less difficult calculation.

The construction of the diagram will be best understood by taking
an actual case

;
thus—

(1) Heat to raise Temperature of Water .—Taking the case of 1 lb. of

water at 32°, which it is desired to convert into steam at some
temperature Tj, then the heat quantities involved in the various

changes are represented as follows :

—

Referring to Fig. 26, let OY and OX represent the axes of tempe-
rature and entropy ^ and on the vertical ordinate OY draw a scale

of absolute temperature from the base line, which is the zero of

temperature.

Let To be the absolute temperature 493, or 32° Fahr. Then O
may be taken as the zero of entropy. And entropy of water heated

from To to Tj

= = log. T, - log. T„

-'To^ Jt.,^

If now heat be added to the 1 lb. of water at 32°, the temperature

gradually rises and the entropy also gradually increases, hence the

condition of the water as to heat will be represented by the tracing
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of the cun^e ToT^Ti, etc. The quantity of heat in heat-units sup-

plied to the water during the change from Tq to Tg is represented

by the enclosed area Again, suppose Tg to be the temperature

of a boiler feed-water, and tlie water is heated to temperature of

boiling-point, T^, then the quantity of hmt supplied to the water
between temperatures Tg and Tj is represented by emdosed area

aT^Tib = A 4* B on the figure.

The horizontal dimension, or entropy, for water raised from tempe-

rature To to Ty = oa = loge Tg — loge To, and from Tg to T^ = afe =
loge Ti — loge Tg. The curve ToTjTo, etc., is called the “ water-line.’’

Temperature - Entropy Diagram
FOR Steam

Y

The ‘^water-line” is practically very nearly a straight line, hence

the following approximate method may be adopted, which dispenses

with the use of logarithms :

—

^ ^
quantity of heat added

~ mean temperature during addition

/q’' — T ^
Entropy = T>m approximately

• ^2)

(2) Heat to evaporate Water into Steam .—When the boiling-point of

water is reached, the addition of heat no longer raises the temperature,

but during the formation of steam the heat is added at constant

temperature j
the change is an isothermal one, hence the line T iC is

horizontal, and it is extended further and further to the right as

more and more heat is added. When the whole of the 1 lb. of water
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has been converted into steam, the length of the line for steam at

temperature
latent heat of steam at Tj

absolute temperature Tj ~ Tj

or total entropy of 1 lb. of steam at T^, measured from entropy at

as zero,

rn + rp
^0 -^1

The heat-units required to convert the 1 lb. of water at into

steam at is represented by the area ?>Tic/ = C + D.

For steam generated from water at some temperature To, the entropy

of the steam, or the length of the line Tod,

=

or total entropy of 1 lb. of steam at T2, measured from entropy at

as zero,

= loge 4-
^ 0

h
T2

The curved line cd to the right of the diagram is obtained by
determining points, as explained above, for various temperatures and
pressures, and drawing a free curve through the several points, c, d,

etc., thus obtained. This curve is called the dry-steam line,’^ or the
“ saturation curve.” ^

If the 1 lb. of steam at Tj be expanded adiabatically to Tg, then the

fall of temperature during expansion is represented by the fall of the

horizontal line T^c to position so that ‘the “ state point ” c moves
along the adiabatic or (constant entropy) line eg, while T^ moves
downward along the water-curve to Tg.

The heat. converted into work during admission at constant tempe-

rature Ti and expansion down to % = TaT^cgrTg = B -f- C.

At the end of adiabatic expansion the proportion of the 1 lb. of

T2.7
steam which is now present as steam = x =

= (ab + hf) 4- ae

The proportion of steam condensed by performance of work during
gd

,

expansion =1 — a; =

The heat rejected to the condenser = area aT^gfa = D 4 A.
If heat be added by a steam-jacket or other means to the expanding

steam, just sufficient in quantity to prevent any condensation of the
steam due to work done, the heat so added = area fede.

The “ state point ” c of the steam travels during expansion, while

the steam is maintained in a dry condition, along the dry-steam line
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ed. The additional work done due to the jacket heat = area cdg.

The heat rejected to condenser = TMea.
If the steam is wet to begin with, then a vertical line may be

drawn through some point making
T,c

= proportion of dry

steam present
;
also TjS = -J- Tj, and if the steam expands, then

the proportion of dry steam present at end of adiabatic expansion from
Tj to Tg = = T,jn -f- Tjjd

;
or

—

^2 loge +
ajiLi

Ta T.

Example.—If dry steam at 150 lbs. absolute and temperature 358°

Fahr. expand to atmospheric pressure, find the value of ajj when the
expansion is adiabatic.

a;,Lj

t7
T

861-2

810 + 0-199

= 0-87

L.,

673

966

To draw Constant-volume Curves on the Temperature-entropy
Chart.—On an independent base-line XY, shown above the tempera-
ture-entropy diagram (Fig. 27), raise a scale of volumes of cubic feet
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pressures included within the range of pressures to be represented on
the diagram.

From any points, Cj, on the saturation curve raise projectors

to XY, and produce them above XY, making them equal in height to

the volume occupied by 1 lb. of steam at temperature aj, ?>i,
Cj, etc., as

shown at Ug, 62> From a, 6, and c draw perpendiculars to meet XY
in «3, bs, C3, and join these points to ag, fc2> ^*2 respectively.

Then, if any horizontal be drawn from the scale of volumes inter-

secting the lines agUs, &0&3, etc., as at the horizontal may be

considered a line of constant volume in elevation, and corresponding

points may be obtained in plan by projecting from 04, 64, C4, etc., to cut

aay, hhy respectively in points ar„ etc. A free curve drawn through

the points so obtained gives the constant-volume line ajbrfi^. Any
number of further lines may be added, as shown in Plate I., which is

the temperature-entropy chart as used for ordinary drawing othce

purposes, and containing all the lines necessary for plotting any case

occurring in ordinary practice. This chart was prepared originally in

this form by Captain H. Riall Sankey, to whom is due the application

of the constant-volume line to the chart.

The constant-volume lines may be drawn by direct measurement

;

thus, if hh^ is ecjual to any number of cubic feet (depending on the

temperature of the steam), say 10, then hh^ may be divided into ten

equal parts, which may be numbered from left to right 1, 2, 3, etc.,

respectively. As each horizontal line represents in cubic feet the

volume of the steam at this particular pressure, similar subdivisions

may be made on other horizontal lines, and if the corresponding

numbers be respectively joined, the required constant-volume lines

may be drawn.
The chart Plate I. is the portion B + C of the temperature-entropy

diagram Fig. 26, but the vertical scale of temperatures and pressures

has been greatly enlarged, which gives the chart considerable

extension vertically.

The various temperature-entropy diagrams given throughout this

book have been drawn to various scales. Thus, when it was neces-

sary to include the exhaust-waste area, a much smaller vertical scale

of temperatures has been used
;
but where only the upper or “ useful-

work ” portion of the diagram was required, a much-extended tempe-

rature scale is employed.

Applications of the Temperature-Entropy Diagram.—Of the total

heat supplied to steam-engines, from 2 to 10 per cent, may be con-

verted into useful work in non-condensing engines, and in multiple

expansion condensing engines this percentage may be raised as high
as 20 per cent, or more.

The remainder of the heat is lost by condensation in the cylinder,

by radiation, and, lastly, and greater than all the rest, by the amount
carried away to exhaust.

This loss of heat to exhaust may be best understood by a careful

study of the temperature-entropy chart, from which it will be seen
how the proportion of exhaust waste may be most effectively
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reduced, namely, by using steam of the highest possible initial

pressure, expanding as far as practicable, maintaining the steam in

the cylinder in the driest possible condition, and finally exhausting
against a back pressure reduced to the lowest possible limit.

Every unit of work obtained from the steam during expansion
after cut-ofF is obtained by recovering a portion of the internal energy
of the steam, the whole of which would otherwise pass away to exhaust
unutilized. Therefore the greater the range of temperature and
pressure through which the working fluid acts while doing useful

work, the greater the possibility of gain by expansion, and the
greater the proportion of the total heat supplied which is converted
into useful work. And since the cost in heat-units per pound of steam
at high pressures is very little more than for steam at low pressures,

the advantage of using high pressures and large expansions will be
obvious.

Several cases will now be considered, illustrating the relation

between the total heat added and the heat rejected to

exhaust.

Case I. Steam generated at atmospheric pressure and ex-

hausted into the atmosphere at 32° Fahr.

This corresponds to the case of the generation of steam
in a boiler open to the atmosphere. The heat quantities

iiiA^olved in this case have been already given (p. 30).

The heat rejected may be considered in connection with the

condensation of 1 lb. of steam in a cylinder under a movable
weightless piston, the weight shown upon the piston being

intended to represent atmospheric pressure (Fig. 28). If

the cylinder be placed in communication externally with
a cold body, the steam will be condensed, the piston will

gradually fall, and, if the cooling action be continued, the

whole of the steam will be l educed to its original 1 lb, of

water at 32*^. Fig 28.

Here the heat rejected or carried away by the cooling

body includes—

(1) The internal latent heat 893’G

(2) The heat of external work or work done upon the steam by
the pressure of the air during condensation 72*3

(3) The heat lost by the water 180*7

1146*6

And this is the same as the total heat supplied. The total heat

supplied and rejected is given by the whole area of the diagram

8 + L (Fig. 29), and no useful work has been done.

Case II. Steam generated at atmospheric pressure^ doing work on a

piston^ and exhausted into a condenser at 32° Fahr,, representing a pressure

of 0’085 Ih, per square inch.

Here the total heat supplied per pound of steam is the same as in

.Case I., but the heat rejected is less, as will be understood by reference

to the cylinder and piston in Fig, 28. For suppose that, when the
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cooling commenced, the piston had been secured so that it could not

fall as the pressure of the steam decreased, and that the whole of the

steam is condensed to water at 32° Fahr. Then evidently the heat

rejected is less than in the previous case by the amount of work done

upon the steam by the falling piston under atmospheric pressure

;

or

—

Heat rejected = total heat — external work
= 1146-6 - 72-3

= 1074*3

for this particular case.

The result is given by the

the total heat supplied. The
curved line hd enclosing the

external-work area is the “ con-

stant-volume line,’’ drawn as

explained on p. 45, and it

areas Fig. 30. ‘ The area ahede is

Fig. 29 . Fig. 30 .

represents the gradual fall of temperature and loss of entropy of

the steam during condensation at constant volume, that is, with the

piston rigidly secured at the top of the cylinder while condensation

takes place, till a temperature of 32° is reached. Then the heat

below this line is the heat rejected

;

and total heat — heat rejected = external latent heat

Thus, the constant-volume line serves the purpose also of enclosing

an area representing the external latent heat, and of separating the

external energy from the internal energy of the steam.

The indicator diagram for such a case is a rectangular

parallelogram.

Case III. Steam at atmospheric pressure exhausted into a condenser

against a bacJc pressure of 5 lbs, absolute.

The effect is the same as though, when the piston had arrived
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at the extreme height due to the volume of 1 lb. of steam at 212°,^

the piston is secured, the weight representing the atmospheric
pressure removed, and a weight one-third its size placed on the
piston (Fig. 31).

Here the steam will condense at constant volume till the pressure

falls to 5 lbs. on the square inch, when the piston will begin to fall

and the volume to decrease, and, if the cooling be continued, the
whole of the steam may be reduced to 1 lb. of water at 32° Fahr.

Heat lost by water = (212*^ — 32°) 180*0

Internal heal 893-5

external work = J of 72*3 24*1

1097*0

The indicator or pv diagram for this case is represented by Fig. 32.

The areas A + B represent the total work done
;
area A = useful

work, and area B = work against back

B, Fig. 32. When 1 lb. of steam condenses at constant volume
from 15 lbs. to 5 lbs. pressure per square inch, the condition of the
steam during the process, or the path of the state point, is traced
by the constant-volume line fe. At e the weight of steam now
remaining, namely, ce -f- ch lb., continues to be condensed, but no
longer at constant volume, but under constant pressure of 5 lbs. per
square inch, during which the line ec is traced by the state point

. £
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till the steam has become water at temperature due to pressure of

5 lbs., namely, 162° Fahr. The temperature of the 1 lb. of water

falls still further to 32° Fahr., and the heat thus given up by the

water is represented by the area abed. The total heat rejected in

this case is given by the whole area below the cross-lined portion of

the figure, namely, the area aheefg.

Case IV. Showing the work done by steam at various initial j^yressures

without expansion (Fig. 34).

For steam of 50 lbs. pressure, admitted through the whole length

of stroke and exhausted against atmospheric pressure, the work done

per pound is shown by the shaded area A. The value of this area in

heat-units may be obtained by direct measurement with the plani-

meter, or it may be obtained from the steam Tables, thus : the
external latent heat of steam at 50 lbs. pressure is 77*7

;
the external

latent heat of (ar ctg) lb. of steam at 212° — area tac = 72*3 X 8*4

26 = 23*4, 72*3 being the external latent heat of steam at 212°

Fahr., fc the constant-volume line for 8*4 cub. ft., and 26 the volume
in cubic feet of 1 lb. of steam at 212°.

Then the shaded area A = 77*7 — 23*4 = 54*3 heat units, and the
efficiency of the steam = 54*3 -4- total heat of steam at 50 = 54*3 -f-

1167*6 = 4*65 per cent., reckoning feed-water at 32°. The remainder
passes away to exhaust

;
namely, 1167*6 — 54*3 = 1113*3 heat-units.

If, now, the pressure were raised to 150 lbs., and still worked
without expansion, then the work done per pound of this steam,

exhausted against atmospheric pressure, is represented by the area B
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enclosed by the figure adeb. This area = 83 — (72*3 X 3-7-26)

7 1 7= 74*7, and the efficiency of the steam = ^ cent.

This is not a much larger efficiency than with steam of 50 lbs.

pressure. The loss per pound of steam, due to the back pressure of
the atmosphere, with the higher pressure of 150 lbs., namely, the
triangular area aht^ is less than the area act, which is the loss due
to atmospheric back pressure per pound of steam at 50 lbs. pressure.
The loss to exhaust is 1191 *2 — 74*7 = 1116*5 heat-units, or nearly
the same as before.

If steam at 150 lbs. pressure—occupying 3 cub. ft. per pound—had
been used without expansion in the same cylinder which previously
contained 1 lb. of steam at 50 lbs. pressure, and having a volume of
8*4 cub. ft., then the actual work done in the cylinder per stroke in
the two cases, as distinguished from the work done per pound of steam
will be— for 1 lb. of steam at 50 lbs. pressure = 54*3 x 778 = 42,245*4
foot-lbs., and for (8*4 -f- 3 = 2*8) lbs. of steam at 150 lbs. pressure =
2*8 X 74*7 X 778 - 162,726 *5 foot-

lbs., or 3*85 times the amount with
the higher pressure, and chiefly

because a greater weight of steam
has been employed.

It will be remembered that the

weight of coal consumed depends,

roughly speaking, upon the weight

of water evaporated.

Case V. Shoimng the effect of
using the steam expansively on the

extension of the useful-work area,

and on the reduction of the pro-

portion of the total heat rejected to

exhatisL

The case has been chosen of

steam at 60 lbs. absolute pressure,

expanded adiabatically 2, 3, 4, . . .

10 times, and working down to

a back pressure of 3 lbs. Area A u

(Fig. 35) represents the work
done during admission, all the Fig. 35.

areas being measured down to

the 3-lbs. pressure line
;
area B represents the gain by two expan-

sions
;
area C the gain by three expansions, and so on. These areas

are traced off the temperature-entropy chart, Plate I. The values of

the respective areas are given approximately in the following table,

measured from the chart by the planimeter :

—

A. B. c. D. E. F. G. II. J. K. Total.

75 44 22 14*5 10*2 7-6 5*9 47 3*8 31 190*8
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Fi'om which it will be seen that the total work done, expanding
ten times, is 190*8 -f- 75 = 2*54 times the work done without expansion.

If a line be drawn (Fig. 35) through the 15-lbs. line of pressure,

then all the area below this line down to the 3-lbs. pressure line

represents the gain by working condensing, otherwise lost to exhaust.

It shows, also, that with steam at GO lbs. pressure not more than
about 3^ expansions could be used if the engine were non-condensing,

and worked against a back pressure of 15 lbs.

Case VI. Shoirhffj the effect of adding a coiidenser when steam of high

initial pressure is used, with and without expansion.

When the steam is used without expansion from 150 lbs. initial

pressure, exhausting against a back pressure of 15 lbs., the heat

converted into work is represented by area A, Fig. 36. If this

steam is exhausted into a condenser,

the additional work done by the

steam is represented by the area D,
which is only a very small proportion

of the total work done. If, however,

the steam is worked expansively,

expanding from 150 lbs. down to

15 lbs. without condensing, then
the useful-work area is increased

to A 4- B
;
but, to permit of such

expansion, if the weight of steam
used is exactly 1 lb., the cylinder

must have a capacity of about 22*5

cub. ft., instead of 3 cub. ft. as when
used without expansion. Further, if

a condenser be added, and expansion be carried down to, say 7 lbs.,

and exhausted against a back pressure of 3 lbs., the additional work
done is represented by the area C. To expand the steam down to so



TEMPERA TURE-ENTROPY DIAGRAMS. 53

low a pressure as 7 lbs,, the capacity of the cylinder must be in-

creased to about 44 cub. ft. (see Plate I.).

From this it will be seen how the useful work obtained per pound
of steam has been increased by raising the initial pressure and ex-

panding as much as possible
;
but the greater the expansion, the

larger the capacity of cylinder required to contain the same weight

of steam at the low terminal pressure before it is finally exhausted.

The indicator or pv diagram for such a case is represented by
Fig. 37, and the reference letters correspond in the two diagrams
(Figs. 36 and 37).

The ‘‘ State Point ” of the Steam.—If any point be taken, as

p, Fig. 38, on the temperature-entropy chart, then this point

determines the condition of the steam as to temperature, pressure,

dryness, volume, and internal energy. Thus, the horizontal line ah

through p gives the temperature and pressure
;

also ap ab = the

dryness fraction per pound. The constant-volume line through p
gives the volume of the steam present as steam. This volume is also

equal to the volume per pound X €tp -i- cib at the pressure given by
the horizontal through p.

The constant-volume line also separates the external energy E
from the internal energy I, the area shaded below the constant-

volume line and between the verticals drawn from p and 32° repre-

senting the internal energy in the steam at p reckoned from 32°,

The area ape = E is the heat converted into work during formation

of (ap -r ah) lb.

The area I = H -
(
L X

) - (
E, X ^ )

where H = total heat of 1 lb. of steam at temperature a.

L — latent ,, )j

El = external latent heat ,, ,,

I = internal energy of steam at state point p.
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Work done per Pound of Steam during Admission and Expansion,

—1. Referring to Fig. 39, it will be seen that the work done (U) in

heat-units per pound of steam during admission at temperature Ti,

with adiabatic expansion to temperature T.>, and exhausted at that

temperature, = areas B -1- C j
oi"

—

U = area (C B)
= area 0 -f area (B A) — area A

= . . ( 1 )

assuming the specific heat of water at all temperatures = 1, and

= Tj — Ta ;
or approximately—

U = Li
(T. -;i\o % - T.,

The formula given for the latent heat, L, of steam is 1114-

if < be expressed in degrees absolute temperature, then

1114 - 0-7< = X - 0-7(/ + 461)

X = 1437

or L = 1437 - 0 7 T

The formula (1) then becomes

—

• (2 )

-0'7<
;
or

U = (1437 - 0-7T,)
(
- + (Ti - T,) - loge (3 )

2. To find the value of \J for a case where the steam expands

adiabatically from to T2 and exhausts against a back pressure T3,

as in Fig. 40.

U = (1437 — 0*7T|)
^

rp
~ (^^1 "" ^2 loge

+
144(p2_~ ^3)^2

~778
(4)

The whole of the expression, except the last fraction, represents

area A, Fig. 40, and the last fraction represents area B. The full

area piT/l^a = A + B + C may be

obtained by substituting T3 for Tg

in equation (3). The difference (A

4- B + C) — (A + B) = area C,

which is usually rejected, because it

does not pay to expand so far.

In equation (4) all the terms are

known at once except V2. In order

to find the value of Vg, or, in other

words, the volume of steam remain-

ing as dry steam after adiabatic expansion from Ti to Tg, it will be

necessary to find the value of x, or the dryness fraction, at T2, and

to multiply by x the volume of 1 lb. of saturated steam at T2 (taken

from the steam Tables).

Fig. 40.
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T li \ Jj
X = (log,

QTJ + -Ji' j
fjr (see p. 44)

3.

The work done per poand of wet steam expanding adiabatically

from Ti to Tg and exhausting at when the proportion of dry
steam to begin with = x; then—

U = + (Ti - T,) - T, log, . . (5)

4.

The following formula, similar in form to that given by Rankine,

gives the work done by 1 lb. of steam, expanding from to T2,

the steam remaining saturated or at constant steam weight during

expansion. This result might be produced by jacketing.

778

'

U 1437 log, - 0-7(Ti - T,) +

Area A. Area B.

(Fig. 41) where V = volume of 1 lb. of saturated steam at pressure

pj. If the steam expands down to and exhausts at then the last

fraction disappears from the equation.

5.

The same results, as already given,

may be stated in a somewhat different

form
;
thus, the work done during adia-

batic expansion per pound of steam is

done at •the expense of the internal

energy of the steam, and the expres-

sions for the internal energy are as

follows :

—

At beginning of expansion =
at end of expansion = I12 + ^^2

hence work done during expansion is equal to the difference of these

two quantities = J(lii — Aj + — iCgPa) foot-lbs.

where J = 778.

Then, to find the net work U done per pound of steam during

admission and adiabatic expansion down to back-pressure line, and
exhausting against back pressure where == 1

—

work done during admission ;

work done during expansion = J(pi — X2P2 +
work done during exhaust = p.^x.^v^

U = J (pi -4" • • (1 )

Note .— pi + where pi = internal latent heat, = ex-
J d

ternal work in heat-units, and Li = latent heat per pound of steam

at pressure pi

;

then

—

U = J(Li - X2IJ2 + Jii - ^2) foot-lbs (2)
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But by equation, p. 45 —

^2^2 ~

Substituting in equation (2), aad expressing in heat-units

—

U = LNrj>^'^'-T,log,^' + h,-h, ... (3)

Flow of Steam.—When steam flows from a vessel A (Fig. 42) under

pressure
jp^

into vessel B against back pressure then the total

internal energy of the steam at pj

before expansion = Jij 4- ;
and

^2 after expansion adiabatically to some

less pressure p.y, the internal energy

Fig. 42. — h.^ -f x.p.y. The work done upon

the steam in AB = .TiPiVi, where Vj

= volume per pound at The work done by the steam in AB
against Pg = rf^PoVo, where Vo = volume j)er pound at po.

If Vi = velocity of the steam at beginning of expansion, and Vy -

velocity at end of expansion, then

energy of the steam
;

and energy

-f energy expended
;
therefore

—

the gain of kinetic

supplied = energy remaining

+ it’iPi) + il’iPiVj + r= -f a^oPoVs + 2g

If the initial velocity is zero, then the final velocity is obtained

from the following equation :

—

V.?

Tq ~ ^^2 "b ^Ipl "I" ^ ^2^2^

2

= — h y -f-
— ^^’2^2)

Thermal Efficiency.—Steam-engine efficiency may be expressed in

various ways
;

^ thus

—

1. The proportion of the total heat supplied which is converted
into useful work is called the absolute thermal efficiency.

2. The ratio between the heat converted into work in the actual

engine, and that which an ideal engine would convert into work
when working between the same limits of temperature, is called the

standard thermal efficiency.

The standard thermal efficiency will evidently depend upon the
particular kind of ideal engine cycle chosen with which to compare
the actual engine, and this is a matter about which there is much
variety of opinion.

The efficiency of the Carnot cycle ideal engine will be made clear

for the case of steam by referring to Fig. 43. Considering the
case of 1 lb. of water raised to the maximum temperature T^ and

* See paper by Captain H. Riall Sankey, Proc, Inst. C.E.y vol. cxxv. p. 182.
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converted into steam at that temperature. During evaporation the

steam is supplied throughout at the constant temperature Tj, repre-

sented by the movement of the vertical line through jp
towards the

right of the figure till p coincides with Jc, and corresponding with

admission line ah in Fig. 44. Areas

C -f- D represent the heat-units added =
the latent heat of evaporation at T^.

The steam is then expanded adiabatically

down to the lower limit of temperature

To represented by the line 1cm (Fig. 43),

and he (Fig. 44). During the return

stroke of the piston, suppose that the

a h

Fig. 43 . Fig. 44 .

steam is now condensed within the cylinder itself by cooling, so that,

when the piston has returned along the line cd to rf, the volume
has been reduced to rs rn of the volume of 1 lb. of steam at lb

;

then the heat abstracted by cooling is equal to area D.
The last step is now to compress, if possible, the mixture of steam

and water enclosed as represented by da (Fig. 44), and along the
adiabatic line sp (Fig. 43), so that it may become 1 lb. of water raised

from temperature To to Tj by the work of compression
; the heat

supplied by the compression being equal

to the areas A -f- B. Then the heat sup-

plied during the cycle = areas C D
;
the

heat rejected = area D
;

the heat con-

verted into work by a perfect engine

working according to this cycle = C.

Therefore the efficiency of the Carnot cycle

-E- E -T,
0 + D T,

It will be noticed, however, that in the

steam-engine the portion of the cycle re-

presented by the fourth step, namely,

adiabatic compression, is very imperfectly

performed, because in the actual engine

only the steam retained in the cylinder

at beginning of compression, namely, rs

rn of 1 ib., is actually compressed
; the remainder, having been

exhausted and condensed at temperature T2
,
must be heated to Tj by

addition of heat from the boiler. ^ The efficiency of such an arrange-

ment is shown by Fig. 45.
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If the ideal engine expels the proportion sn -f- rn of its steam (by

weight), heat has to be supplied to the boiler to raise the temperature

of this portion of condensed steam from Tg to Tj, and this heat is

871
represented by the areas E + F, where st = x sr. The absolute

rn

efficiency of such a steam-engine working with compression of a
portion only of the steam supplied

C + E
C + E -}- F -f D

which is less than that of the Carnot cycle, though greater than if

there had been no compression.

The arrangement of heating the feed-water by doing work upon
it is known as the “dynamic feed-water heater.’’

The Clausius Cycle ^ is described in four stages as follows

1. Feed-water raised from temperature of exhaust to temperature
of admission steam.

2. Evaporation at constant admission temperature.

3. Adiabatic expansion down to back pressure.

4. Rejection at the constant temperature corresponding with the

back pressure.

These stages are represented in Fig. 46, thus : Ty is the tem-

perature of the feed-water and of the exhaust steam
;
area A -j- B is

the heat added to the feed-water to raise

it to steam-admission temperature, T,.

During evaporation in the boiler, C -f D
is the latent heat added per pound. The
expansion being adiabatic, and being con-

tinued to the back-}>ressure line, the

corner m in Fig. 46 is sharp, and coincides

with c (Fig. 47). Compare with Fig. 49,

a

Fig. 4G.

where the expansion is not carried down to back pressure. The
last stage is to condense this steam at constant temperature Tg by
abstraction of heat D + A' during the return stroke of the piston,

till the 1 lb. of water is returned at the original feed-temperature, Tg.

The heat converted into work by a perfect engine working under

these conditions is represented by the area C -f B ; and for the

Clausius cycle

—

* This cycle has now been sdopted bv the Inst. C E. as the standard of com-

parison for steam-engines, and is called^ by them the “Kankine cycle.” it having

been published simultaneously and independently by these two investigators.
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B 4- C
Absolute thermal efficiency = g - q jj

C
This cycle is evidently less efficient than the Carnot cycle,

q j)

The Rankine dry steam cycle differs from the Clausius cycle—

•

(1) By addition of heat to the cylinder to maintain the steam dry

throughout the period of expansion
;

(2) By not carrying the expansion so far as to the back pressure,

but ceasing the expansion at some pressure
jp2

higher than the back
pressure p^.

These effects are illustrated in Fig. 48, where during expansion

heat has been added, making Kn the expansion line instead of Km,
the additional heat from a jacket or other

source being represented by the area

hkng. This added heat has been sufficient

to render the steam dry during expansion,

and to cause the expansion line to coin-

cide with the saturated-steam line
;
but

it will be seen that the efficiency of this

heat is very low, being mkn hJcng.

^3

The effect of incomplete expansion is seen by the area lost between

the shaded area and the back-pressure temperature line through Ty,

shown dotted.

Weight of Steam required per Hour per I.H.P. by the Ideal Engine,

—The number of foot-pounds of work performed per hour per horse-

power = 33,000 X 60 = 1,980,000 ;
or in heat-units, 1,980,000 4- 778

= 2545. Then, if U = the number of units of heat converted into

work per pound of steam, and S = the pounds of steam required per

horse-power per hour—

^ 2545 „
S = -jj- lbs.

from which the weight of steam per I.H.P. per hour for the ideal

engine can be calculated.

In practice, owing to various losses, some weight of steam, W,
greater than S is always required. Then efficiency of the engine

= E = S 4- W.



CHAPTER IV.

THE SLIDE- VAL VE.

The slide-valve, as its name implies, is a valve wliich slides to and

fro, opening and closing ports or passages for the flow of steam to or

from the cylinder.

The functions to be performed by the valve include (1) admission

of the steam to the cylinder to give an impulse to the piston; (2)

to cut off the supply of steam when the piston has travelled a certain

portion of the stroke
; (3) to open a passage just before the com-

pletion of the stroke, for

the escape or exhaust of

the steam from the cylinder

;

(4) to close the exhaust
passage before the piston

reaches the end of the re-

turn stroke, to secure a cer-

tain amount of ‘‘cushion-

ing.’’

Lap of a Valve.— The
amount by which the valve

overlaps the outside edge of

Fig. oO. the port when the valve is

in the middle of its stroke,

is called the outside lap (see parts o, o, Fig. 50). Similarly, the

amount by which the valve overlaps the inside edge of the port

when the valve is i^ the middle of its stroke, is called the inside

lap (see Fig. 50).

Lead of the Valve.— “ Lead ” is the amount by which the valve

uncovers the port when the piston is at the beginning of its stroke

(see Fig. 52). The lead to exhaust is always greater than the lead

to steam admission (Fig. 52).

The way in which these various functions are fulfilled for both
the forward and backward strokes of a double-acting engine may be
seen from the Figs. 51-54.

Fig. 51 shows the valve in its middle position and closing both
ports, in which position the amount of lap, or overlap, of the valve

may be measured.
Fig. 52 shows the piston at the end of the stroke, and the valve
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just opening the steam-port to admission of steam. This port
opening is the lead.

Fig. 53 shows the slide-valve at the end of its stroke. It does
not necessarily open the steam-port fully for admission, but it

Fig. 51.

always opens fully to exhaust when the valve is at the end of its

travel.

Fig. 54. Here the piston is at the other end of its stroke, and the
valve has opened the opposite port by an amount equal to the lead.

Double-ported Slide-valve.—For large cylinders, such as the low-
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pressure cylinder of compound engines, the travel of the valve in
order to open the port to supply sufficient steam would be incon-
veniently great. To reduce the travel, and thereby also to reduce
the work to be done by the eccentric in moving the valve, the double-
ported slide-valve is used, as shown in Pig. 55.

The steam-passage P of the cylinder terminates in two ports
instead of one, and the steam-ports are each made one-half the width
which would be necessary for a single poit, and the travel of the
double-ported valve is therefore only half that of the common valve

for the same total area of port-opening.

The valve is so constructed that, when in the middle of its stroke,

each of the four steam-ports is covered by an equal inside and
outside lap, though some modification of this is made in short-stroke

engines.

The steam-admission and exhaust arrangements are equivalent to

that of two separate simple slide-valves. The steam is supplied to

Fig. 55.

the inner admission edges of the valve by passage S, S, cast in

the sides of the valve, passing through from side to side, and
communicating with the cylinder when the valve uncovers the
ports.

In large engines with a single flat valve the total pressure of the
steam on the back of the valve would be so excessive, unless reduced
by some means, that the load thrown on the eccentrics and working
parts of the valve gear owing to the friction between the valve and
cylinder faces would be a serious drawback to the efficiency of the
engine.

To reduce this efiect, an equilibrium ring, E, is fitted to the back of

the valve, as shown in the figure. The ring is fitted in a circular

groove, and fits steam-tight against a circular planed surface on the
back of the valve. It is set up to its work against the valve by set
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sciews passing through the cover, which act against a spring, and
can be adjusted from the outside.

The internal space between the ring and the cover is connected
with the exhaust pipe or condenser, and hence a considerable portion
of the total pressure on the valve is removed.
A similar arrangement of equilibrium ring at the back of the valve

as used in some locomotives is shown in Fii?. 56,o
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It is not used for the lower-pressure cylinders, because the dimen-
sions of the valve to give the required port-opening is large relatively

to the dimensions of the cylinder itself.

The chief disadvantages with this type of valve are (1) the loss

due to leakage of steam past the circumference of the valve into

the exhaust passage
;
and (2) the large clearance space, owing to the

volume of the steam-passages being necessarily great with the

piston-valve.

The example given in Fig. 57 shows the valve removed from the

valve chamber. The valve itself, PV, consists of a double })iston,

the width of the pistons being the same as the width of face in an
ordinary flat slide-valve, and being sufficient to cover the j)ort when
in mid-position, and to provide the necessary lap.

The valve works in two short bushes or barrels, B, in which
passages, SP, are made all round the bush, which form the steam-port

for admission and exhaust of steam to and from the cylinder according

to the position of the valve. The steam-port, being in the form of a

series of openings separated by bars instead of a continuous circular

port, enables the spring rings, with which the larger types of piston-

valves are fitted, to work to and fro over the port without catching

on the edge. The steam enters as shown
;

it passes to either end of

the piston-valve, and, the valve being hollow, the admission steam can
pass right through it from end to end. The exhaust escapes by the
internal edges of the valve, and passes away by the chamber sur-

rounding the body of the valve, the reduced diameter of this part

corresponding to the exhaust chamber of the simple slide-valve.

Sometimes this arrangement of the steam is reversed, the steam
being admitted at the inner edges of the pistons from the chamber
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around the middle of the valve, and exhausted from the outer ends
and through the interior of the valve. The latter arrangement is

adopted in some cases with superheated steam.

The Eccentric, Fig. 58, is a disc fixed on the crank-shaft in such
a way that the centre of the disc is eccentric, or “out of centre,^’ with
the centre of th(i shaft. Fig. 59 shows that the motion trans-

mitted by an eccentric with an eccentricity CE is equivalent to that

obtained from a small crank where radius is r = CE. The disc is

Fig. 59.

termed the sheave of the eccentric, and is made in halves, the halves

being secured by bolts and split cotters as shown. Tlu^ band sur-

rounding the sheave is called the strap. The sheave rotates inside the

strap in the same way as the crank-pin rotates in the connecting-

rod head. The eccentric rod is attached to the strap, and the

slide-valve receives a reciprocating motion from it, similar to

that received by the piston from the crank-pin, but on a reduced
scale.

The angle of advance of the eccentric is the angle in excess of 90°

which the centre line of the eccentric is in advance of the centre line

of the crank.

Fig. 60. Fig. 61.

Thus, in Fig. 60, OC is the crank-arm, and OE the line passing
through the centre E of the eccentric,
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Then the «angle AOE = 0 = the angle of advance

To find the angle of advance of the eccentric, having given the

travel and the lap and lead of the valve : With radius OE (Fig. 61) =
radius of eccentric, or half travel of valve, describe a circle about O.

Produce the centre line 00 of the crank through O. Set off Oa =
the lap of the valve, and ah = the lead, and from h raise a perpen-

dicular to cut the circle in E'. Join OE'. Then EOE' is the angle

of advance of the eccentric.

Let o = outside lap
;

i = inside lap
;

Zi = outside lead
;

= inside lead, or lead to exhaust

;

p = radius of eccentric
;

6 = angular advaiK^e

;

a = any angle passed through by crank
;

D = valve displacement from mid-position
;

o Zj — / Zo.

From Fig. Gl sin6 =
lap -f- lead 0 A- 1\

radius of eccentric

i + ^2

.

psin 0 —
Valve

9 ; Zg = p sin 6 — i.

Displacement for Given Angular Travel

crank C (Fig. 62)

angle a

Let
through

then

of Crank.
trav(d

from its dead centre

the valve displacement—
Oh = OE' cos E'06 = p sin (a + 6)

to steam ^
^

= P srn (a + 6) - o

To find the Position of the Piston
for any Position of the Crank.—1.

When the length of the

rod is very great compared with the length of the crank-arm.

Then, if ah (Fig. 63) represent stroke of piston, and r = radius of

crank, a perpendicular let fall on ah from crank position e gives a
point m as the corresponding position of the piston.

connecting-

- Om = r cos 0 (1)
am = r(^i — cos 0) (2)

But if the connecting-rod be comparatively short compared with r,

as is the case in practice, then, in Fig. 64, let ah be the path of the
piston to any scale, and aCb the crank-pin circle.

With radius equal to the length of the connecting-rod, and from
a centre on ha produced towards a, draW an arc, st, touching the
centre o. This may be termed the mid-travel arc

;
and the displace-

ment of the piston from mid-stroke for any position, C, of the crank-
pin = Cv drawn parallel to the line of stroke, ah. Take also some
other position of the crank, O', Then the displacement of the piston
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from its mid-position = C'r. Arcs C/ and (Jg, drawn with radius of

connect ing-rod
from centre on hd
produced, also give

the piston displace-

ments Of and Og
= Cv and Uv re-

spectively. The
distance vn mea-
sures the deviation

of the piston for

positions C or C' of

the crank due to

the obliquity of the

connecting-rod.

Zeuner Valve
Diagram.—This
diagram was first

proposed by Dr.

Zeuner of Dresden,

and, owing to its

great convenience

and simplicity, is very much used.

It will be best understood by reference to the following figures
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In Fig. 65, let ab be the travel of the slide-valve, Oa the crank
position, and OE the position of the centre line of the eccentric,

having angular ad-

vance 0, Then a per-

pendicular, Ec, on ah

gives Oc, the distance

of the valve from its

mid-position. If the

crank-shaft move round
on its centre so that a
passes to a, and E to

El, and Oc' is the dis-

tance of the valve from
its mid -position for

eccentric position OEj

.

Instead of the crank
Oa and eccentric OE
moving round the cir-

cular path, the result

will be the same if the

line Oh be supposed to

move in the reverse

Fig. 65.

Fig. G6.

direction as at bj, h^,

etc. (Fig. 66), and per-

pendiculars Eci, Ec.2 be
drawn as shown. Then
all the angles OcjE,

Oc^E, etc., are right

angles, and therefore a

circle drawn upon OE
as diameter will pass

through the points Ci,

Cj,, etc. (Fig. 67), and
the portion Oci, Oc,,

etc., of the lines inter-

cepted by this fixed

circle gives the dis-

tance of the valve from
its central position for

any position h, h^, h^^

etc., of the crank.

The Zeuner diagram
is here given with the

particulars usually re-

quired marked thereon.

The connection be-
tween the valve diagram and the indicator diagram is also shown.
In Fig. 68, the circle Kj, Rg, etc., is drawn with radius ORj, equal to
half the travel of the valve. The outside ‘‘lap circle’^ is drawn with
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radius OV = the outside lap. Distance VP is set off = the lead, and
the perpendicular PP2 is raised to cut the travel circle in P2. Then
P2OR3 is the angular advance
of the eccentric, position of

crank being at OA. On P2OR7
draw the primary and second-

ary valve circles on the di-

ameters OP2 and OR7 respec-

tively, as shown. From centre

O, with radius OW = the in-

side lap, draw the inside lap

circle.

Tlicn the real position of

the crank is OA for position

OP2 of the eccentric, and for

rotation in a clockwise direc-

tion. If these positions re-

main fixed while the radius

ORi rotates in the opposite

direction, the result will be
the same as though OA and
OP2 rotated in the true direction, as already explained (Fig, 66).

Then, if OR^ be assumed to ho the position of the crank at the

commencement of the stroke, the length OP, the part of OR^ intercepbed

by the primary valve circle, is the distance which the valve has moved
from its mid-position

;
and this includes OV, the lap, and VP, the port

opening, shown shaded, and which is, in fact, the lead of the valve.

The opening of the other port to exhaust at the same instant is given

by the length DW^.
If a radius be drawn through B, the intersection of the valve circle

with the outside lap circle, OR is the position of the crank when
admission of steam begins—namely, just before the crank reaches its

dead centre, R^. Continuing the rotation of the crank, on reaching

the dead centre the port is open by an amount VP equal to the lead,

as already stated. The valve now continues to oi)en the port wider,

until at the position OPo of the crank the valve is at its maximum
distance from its mid-position. The valve now commences to return

towards its mid-position, and the port is gradually becoming more and
more throttled till the crank reaches OR4, where the outside lap circle

intersects the valve circle. The port is then closed, and cut-off has

taken place, the expansion of the steam in the cylinder commencing
from this point. Expansion continues till the crank reaches ORg,

where the inside la{> circle cuts the secondary \'alve circle when the port

opens to exhaust. R^ drawn at right angles to OP^, or tangent to the

valve circles, is the position of the crank when the valve is in raid-

position.

If the valve had no inside lap, then Rg would be the position of the

crank when the exhaust port opens, and R5 continued across the

diagram would give the position of the crank at exhaust closure
;
but
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when the valve has inside lap, a circle is drawn from centre O with

radius equal to the inside lap, cutting the secondary valve circle.

Then crank positions obtained by drawing lines from centre O
through the intersections of the inside hip circle and the secondary

valve circle give the positions of the crank at exhaust opening and

closing respectively. At M the port is fully open to exhaust
;

at

R7 the valve has moved a distance QR^ past the edge of the port, thus

leaving the port wide open to exhaust till the crank reaches ON, when
the port begins to close till Rg is reached, when compression of the

steam remaining in the cylinder takes place, till the port opens again
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for re-admission of steam. The arc through Q is drawn so that WQ
= width of port.

Reuleaux or Reech Diagram.—The following diagram is known as

Reuleaux’s diagram in Germany, and Reech’s in France.

Referring to Fig. 60, if the eccentric radius be turned back through
an angle 6, then the valve would be in mid-position, and the crank would
be at an angle 6 behind its dead centre. In Fig. 69, let the same circle

represent the path both of the crank-pin and of the eccentric centre,

each to different scales. Through the centre of the circle draw DD^,

Fig. 69.

making an angle 6 = the angular advance of the eccentric. Then,

as explained above, D is the position of the crank when the valve is

in mid-position, and GDi is called the mid-position line. For any
position 0 or 0' of the crank, the displacement of the valve from its

mid-position = Cm or Clc drawn perpendicular to DDj. Draw SSj

parallel to DD', and at a distance from it = outside lap = o, and draw
EE| parallel to DDj, and at a distance from it -- inside lap ==

Then for crank position C, the length Cn = the port opening to

steam when the valve has travelled a distance Cm from the centre.

For crank position C' the exhaust port is open, Uh — i, and the valve

has travelled a distance C'k from its mid-position.

The diagram refers to one side of the piston only, and neglects the

obliquity of the eccentric rod and connecting rod.
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The lines drawn at a distance P from the lap lines represent the
width of the steam port, showing on the steam side the port is not
fully opened, while on the exhaust side, in this case, the valve travels

beyond the edge of the port.

When the crank turns clockwise, S is the admission point, Sj =
the point of cut-ofF, Ej = opening of exhaust port

;
E = compression.

The perpendicular let fall from A on SSj = the steam lead, and the
perpendicular let fall from Aj on EE^ = the exhaust lead.

This diagram teaches most clearly a number of facts of importance
in practice. For example, suppose, on a given engine, the lap of the
valve was decreased by removing a portion from the outside edges of

the valve
;
then the effect would evidently be to cut off later in the

stroke, which would no doubt be the object of reducing the lap,

but it would also increase the lead, which would probably be an
objectionable feature, and this could only be prevented by altering
the angular advance of the eccentric, in other words, by making the
angle Q less, until the lead was the amount required. The effect of

this on Sj, El, and E would be to make them all later.

Again, it might be desired to increase the lead of the valve; altering
nothing except increasing the angle of advance 6 of the eccentric.
The effect of this, it would be at once seen, would be to make all the
operations of the valve at Si, E„ and E earlier.

Problem.— Given travel, cut-off*, and lead, to find the lap and the
angular advance of the eccencric.

mm

I

radius OC = half travel (Fig.

70), and draw the lead circle

at A with radius = lead. Draw
a line from point of cut-off C
tangent to lead circle. Then
a circle drawn from centre O
touching this line is the lap
circle, its radius being equal
to the lap required. A line,

DD', drawn through the centre
.O parallel to the lap line, makes
an angle 6 with AAj equal to
the angular advance required.

Effect of Obliquity of Con-
necting-rod.—Taking the case

Fig. 70. of a vertical engine, and draw-
ing the crank circle (Fig. 71)

to an enlarged scale with diameter AAj (Fig. 72), then the effect of
a short connecting-rod on the distribution of the steam on the opposite
sides of the piston may be seen by the aid of the diagram. Thus
(Fig* 72), DD| is the position of the crank when the eccentric is 90°
ahead of the vertical centre line, and st is the mid-travel arc of the
piston. Also lap-lines are drawn parallel to DD^, and at a distance
from it equal to the outside lap o at the top end and o' at the bottom
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end. If o and are equal, then it will be seen that crank position C
is tlie point of cut-off* for the top side of the piston, and crank position

c' is the point of cut-off* for the bottom side. But Crn is greater than
c'w, or, in other words, the piston is further past mid-
position on the downstroke at C than on the upstroke

at c\ and therefore cut-off* takes place later on the down-
stroke than on the upstroke.

This inequality of cut-off* may be reduced by altering

the lap on the bottom side, making lap o' less than the

top lap 0. Then cut-off* will take place at Co later than
before, but the lead on the bottom will be increased

(see perpendicular from Aj on lap line through a, =
which is greater than the lead Aa'). In practice

it is usual to have less lap and more lead on the bottom
end of the cylinder than at the top.

Valve Ellipse.—This is a method which has been
in use for many years, especially among locomotive

engineers, for representing the relative positions of the

slide-valve and piston. Fig. 71.

The process is to draw two lines at right angles to

one another, the one to represent the line of direction of motion of

the slide-valve, and the other that of the piston.

Fig. 72.

Thus, in Fig. 73, let CP represent the stroke of the piston, and let

.he circle through C drawn with radius OC = crank-pin path. If
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this circle be divided into any number of equal pai-ts, as shown,

then, neglecting the ob-

Fio. 73.

liquity of the connect-

ing-rod, if a perpen-

dicular la be let fall

on CP from any posi-

tion 1 of the crank-pin,

a is the corresponding

position of the piston.

From centre O draw a

circle with radius OF
= radius of eccentric.

If now the direction

of motion of the slide-

valve be assui»)ed, for

the purpose of the dia-

gram, to be at right

angles to that of tlie

piston,^the eccentric po-

sition OD must be set

back 90°, and therefore

OD is drawn making
an angle 6 with CO.
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Then for crank-pin position C, eccentric position is at D. Starting
from D, divide the eccentric circle into the same number of equal
parts, r, 2', etc., as on the crank-pin circle. Draw horizontals from
the eccentric positions to in-

tersect verticals from the

crank positions, and join the

intersections. The closed

figure is called the valve

ellipse.’’

To allow for obliquity of

the connecting-rod, instead of

dropping perpendiculars as at

la, draw arcs through points

1
,

2
,

etc., of the crank-pin

path with radius equal to

length of connecting-rod from
a centre on line PC produced.

Similarly, to allow for the

obliquity of the eccentric rod,

draw arcs through 1 ', 2\ etc.,

on the eccentric path with
radius equal to length of

eccentric rod from a centre

on line OE produced.

Tn Fig. 74, if AA be set oil*

from XX on one side of it

e(jual to o, the outside lap

;

BB = i = inside lap, and CC
= S = width of steam port.

Then, if the valve ellipse be
drawn as explained (Fig. 73),

the points of admission, cut-

off, release, and compression

are determined by the inter-

section of the valve ellipse

with the respective edges of

the port lines AA and BB.
Perpendiculars on to the 75^

centre line XX will give the

piston positions at each of these points respectively.

Fig. 75 shows an application of the valve ellipse to an actual case

from practice. From the face of the ports S, E, 8
,
in the sectional

drawing at the bottom of the figure, lines are drawn perpendicularly

to any convenient length from each edge of the respective ports,

and this length is sul)divided to represent e(j[ual portions of the

piston-stroke. A valve ellipse is then drawn from centre A on the

half-stroke line of the piston for steam at a distance = outside lap of

valve from edge of port, and from centre B for exhaust on the port line,

as there is no exhaust lap. The centres A and B are the positions
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of the respective steam and exhaust edges of the valve in mkh
position. .

Several ellipses are usually drawn for different amounts of travel of

the valve as the link is notched up (see Fig. 87).

Two ellipses are drawn in this case, and, referring to the larger

ellipse, it shows for any position, say 0*3 of the piston stroke, that

the steam port is not only freely open = ce, but the valve has moved
a distance eh past the edge of the port

;
and on the other side of the

piston the exhaust port is not only wide open, but the valve has moved
past the edge a distance eV. The cut-off' points for different amounts
of travel of the valve are given at d, d

;

the points of release are r, r,

and of compression k, k.

Expansion Valve Gears.—The importance of working steam

expansively has been already explained, and a certain amount of

expansion may be obtained with the common slide-valve by the

addition of lap, but a cut-off not earlier than about 0*7 of the

stroke can be obtained in this way, and this is usually not sufficient

for economical working. The amount of additional lap necessary to

cut off at any earlier point c*iuses difficulties of other kinds, and other

means have therefore been employed to obtain an early cut off of the

steam-supply to the cylinder. Locomotive and marine engineers

generally em]:)loy the link motion both for reversing and for regulating

Uie degree of expansion
;
but for stationary engines, especially when

not requiring to be reversed, a separate expansion valve is used, or

some form of Coidiss or drop-valve gear.

The Link Motion.—There are various kinds of link motion, but the

arrangement known as the Stephenson link motion is the one almost

universally adopted in this country, and it is the type which will here

be described.

The object of the link motion was originally to provide a ready
means of reversing an engine

;
but it was found to be also a convenient

means of regulating the expansion of the steam in the cylinder, cutting

off the steam earlier or later in the stroke as d(isired.

As a reversing gear its action is as follows

—

It has been shown that when the crank is in some position OC
(Pig. 7 6), the centre line of the eccentric is in a direction OE
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ahead of the crank, the direction of rotation being shown by the

arrow.

But to reverse the engine, the eccentric centre must by some means
be moved from P] to some position P]' (Fig. 77), having a suitable

angle COE' ahead of the crank.

This is accomplished in the

link motion by having two s(^pa-

rate eccentrics, one keyed with
its centre at E, and the other at

E', the ends of the respective

eccentric rods being joined to-

gether by a link, as shown in

Fig. 78. Then by means of a

lever attached to the link, L,

either eccentric, as desired, may
be made to communicate its

iTiotion to the slide-valve by
moving the link so as to bring

one or other of the eccentric rods

into line with the slide-valve

rod.

The slide-valve is connected

by the valve rod to a little block

which fits in the slot of the link,

so that any movement of the

link in the direction of the axis

of the valve rod affects the posi-

tion of the valve.

When the block is in the

middle of the link, the valve is

influenced equally by both eccen-

trics, with the result that the

engine will not run in either

direction. The nearer the block

the less is the travel of the valve and the earlier the steam is cut off*

in the cylinder.

The Stephenson Link Motion, illustrated in Fig. 78, and shown
in skeleton in Fig. 79, is made with the link concave towards the

crank shaft. The centre line of the link is drawn with a radius

equal to the distance between the centre of the eccentric measured

along the rod to the centre line of the link. When the crank is on

the centre away from the link, and the rods are attached to the

nearest end of th(i link, as shown in Fig. 79, the rods are said to

be ‘‘open.’^ This is the usual way of connecting the eccentric rods

to the link. When the crank is in the same position as before, and

the rods are connected to the end of the link on the opposite side

of the main centre line, as shown in Fig. 80, the rods are said to

be ‘‘crossed.” In the latter case, the result is not quite the same

as when the rods are open. With open rods the lead increases as the
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link approaches its mid-position; with crossed rods the reverse is

the case. This is illustrated more fully in Figs. 86 and 88.

The paths of the moving parts of the link motion during a revo-

lution of the crank are compounded of the movement due to the

connection of the link with the eccentrics, and of that due to the

connection of the link with the radius bar or drag link, SR (Fig. 79),

which is free to move at the link end, but is fixed at the reversing

lever end, S. The end of the link connected to the radius bar will, of

course, move in an arc of a circle about this fixed centre.

as nearly as possible in line with the valve rod, the link is said to

be in ‘^full forward gear ” or in “full backward gear,” as the case may
be, depending on which eccentric is thrown into gear.

When the throttle-valve is closed the link must be placed so

that the block attached to the slide-valve rod is in the middle of

the link.

To start an engine with a link motion having open rods for a



THE SLIDE-VALVE. 79

given direction of turning of the crank shaft, the link must be
moved in the same direction as it would move if it were connected
rigidly to the crank shaft and turned round with it.

When the link is in “ mid -gear, the travel of the slide-valve

on each side of its middle position is equal to the lap of the valve plus

the somewhat increased lead which tlie valve has in mid-gear with

the open-arm link motion. The shorter the eccentric rods relatively

to the valve-travel, the greater the increase in the lead as the link

approaches mid-gear.

In consequence of the somewhat complex motion of the link, there

is always more or less “ slotting ” or rubbing of the link upon the block.

The nearer the block is to the point of suspension of the link, the

less the slotting motion. Hence the link is usually suspended from
the end nearest the forward eccentric rod, so as to reduce tlie wear and
tear due to the slotting motion to a minimum for the most common
working position of the link.

In this case, in backward gear the slotting motion is more or

less considerable, but this disadvantage is conceded for the sake

of the more perfect action in forward gear. When equal efficiency

of the link is required in both forw<ard and ])ackward gear, the link is

suspended from the centre.

The position of the centre, S, of the suspension rod, SR, Fig. 79,

is chosen thus : Trace the path of the point R on the link to which
the suspension rod is to be attached when the link is in full forward

gear, for a complete revolution of the crank shaft, and without the

restraint of any suspension link. Again trace the path of the same
point when the link is in full backward gear.

Now, with a radius equal to the proposed length of the suspension

rod, draw an arc from some centre which shall as nearly as possible

bisect the irregular curved figure for full forward gear. The centre

of this arc is chosen for the centre of the suspension rod in full

forward gear. Similarly, with the same radius as before, bisect the

irregular curve for full backward gear. The two centres thus ob-

tained fix as nearly as possible the path of the end of the reversing

lever to which the suspension rod is attached. Usually some com-
promise is made in favour of full forward gear.

Expansion Regulator Arm.—In compound and triple-expansion

engines with link motions all connected with one reversing shaft,

it is often desirable, for the sake of regulating the distribution of

the power between the respective cylinders, to adjust someVhat
the position of the link of the low-pressure cylinder relatively to

that of the high-pressure cylinder, and to give it an earlier or later

cut-off as required. This is sometimes done by the method illustrated

in Fig. 81, namely, by connecting the outer end of the suspension rod S
to a block, the position of which is capable of adjustment by the screw

as shown. The position of the slot in the arm A is so arranged that,

if the engines required to be suddenly reversed, the link may be

thrown into full backward gear without the necessity for any re-

adjustment of this supplementary expansion gear
;
for the position
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of ihe outer centre of the suspension rod may be anywhere in the

slot of the lever without its affecting to any extent the action of the

link in full backward gear, as the centre line of the slot is per-

pendiculaj*, or nearly so, to that of the suspension rod.

Valve Diagrrams for Link Motion.—It will be convenient to con-

pidor here the case of a single movable disc, the eccentricity of which

can bo varied, and a variable cut-off thus obtained with a single

eccentric. This arrangement is important, especially because of its

application in connection with shaft governors as an automatic cut-

off gear for high-speed engines.

The disc D, Fig, 82, is keyed to the crank shaft, and the adjustable

disc E, with centre P, is the eccentric disc to which the eccentric rod

and strap are secured. It will be seen that the disc E is secured to

D, but that it may be so adjusted that the centre P may be held in

any position between P and Pg. The effect of this on the distribution

of tlie steam is well shown by the Zeuner diagram, Fig. 83. Thus
C is the centre of the shaft, and CP1P3 in Fig. 82 is drawn to an

enlarged scale in Fig. 83. Take positions Pj, Pg, Pq, and draw circles

on the diameters CPi, CPg, CPo ;
then, for position CPj in full forward

gear, cut-off takes place at Cj, drawn through the intersection of the
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lap circle with the valve circle on CPj, and as approaches P„» cut-off

takes plac(3 earlier. When P^, is reached the engine will be stopped,

and as P^, approaches P.j tlie engine is reversed. All other points,

as of release, cunipi*ession, and admission, may be traced in the
same way.

“ Equivalent Eccentric,” with Oblique Connecting-rods.—In Fig. 84,
let OC represent the crank, and OE the eccentric witli angular
advance KOE, and BD a link through which motion is to be trans-

mitted to the slide-valve. Then, if the position of the eccentric rod
EB is changed to position EA, the valve receives the motion directly

from the eccentric E, and the link does not affect the result. But
when the eccentric rod is in position EB, it is clear that if a line

be drawn through OB, the motion of ,B on the line OB, or OB pro-
duced, would be the same as that of A on the line OA, except that,
if the valve were connected with B either directly or indirectly,

the crank being as before, the respective movements of the valve

G
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would take place earlier, because the moving backwards of the line

OA through the angle a to OB is equivalent to moving the eccentric

OE forward, or increasing the angular advance by the same angle.

If, therefore, Oe be drawn equal to OE, and making the angles EOe = af
then Oe is tlie equivalent eccentric, whieli will produce the same
result, if e be coupled direct to the valve moving in the line OA, as
would be produced if the valve were
coupled to B, driven by OE, and moving
in the direction OF.

If the motion communicated at B
were in the line BG, as is approximately
the case in practice,, the length of the

Fir,. 8.5. F]g. 86.

radius Oe of the equivalent eccentric is a little increased. By drawing
EE' at right angles to OE, then the line joining O to E' and making
an angle a with OE is the equivalent eccentric required.

Referring to Fig. 85, OF' is tlie resultant eccentric for the end D
of the link. If the rods were “ crossed ” as at ED (Fig. 84), instead

of 0})en ” as at EB, then the motion cominunicatecl from the point

D ill the line OD will be the same as from A in th(^ line OA, except

that the respective movements of the valve will be later, because the

moving of the eccentric rod from OA to 01) through the angle a

would have the same result as reducing the angular advance of the

eccemtric by the s?une angle. Hence, if EE" })e drawn backwards
from OE, at right angles to OE, and OE" making an angle a with

OE, then OE" is the “ (equivalent eccentric ” for the crossed rod ED.
To find the movement of the valve when the block A is situated

in the middle of the link, if E' and F' (Fig. 85) be joined, and the

point P be taken midway between E' and F', then OP is the resultant

eccentric
;
and for the movement of the valve when the block is at

any intermediate position K, the resultant or equivalent eccentric

may be approximately found by drawing a circular arc through the

points E, P, F, as shown enlarged at E6F (Fig. 86), and dividing this

arc in the same ratio as BK : KD (Fig. 85), as explained behjw.

An application of this method, with the addition of the Zeuner
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valve diagram drawn upon the equivalent eccentric radius, is useful

in finding the travel, the lead, points of admission, cut-off, compression,

and release for any position of the block in the link. Thus, let OE
(Fig. 86) equal the eccentricity of the eccentric, and draw the angle
EOE' equal to th(i angle a (Fig. 85), and make EE' at right angles to

OE. Let fall perpendiculars from E and E' on the horizontal through
O, cutting it in a and h. Draw the lap circle OL. Then, if the
extreme end of the link B
(Fig. 85) is moved till it

coincides with A, OE is the

half-travel of the valve, and
L(X is the lead. When the

link is moved so that the

block is in mid-gear, then
0/> is the half-travel of the

valve, and Ho is the lead.

For any intermediate posi-

tion of the block A in the link, produce Ea to F, and make aF = aE,
and draw the arc of a circle through points E, h, and F. Then EZ>F

may be looked upon as a miniature link, and if a point K be taken
so that UK : KF as BK : KD (Fig. 85), then OK is the equivalent

eccentric for that position of the Vdock in the link.

Circles drawn on OE, OK, Oh as diameters give, by their inter-

sections with the inside and outside lap circles, the points of admission,

cut-off, etc., for the respective positions E, K, 6, etc., of the block in

the link. It will be seen, on drawing these circles, that as the link

approaches mid-position the following changes occur: (1) the lead

of the valve increases
; (2) the

travel of the valve decreases
; (3)

cut-off, release, exhaust closure,

and re -admission take place

earlier.

The effect upon the indicator

diagram (Fig. 87) of ‘‘notching

up the link, or bringing the

link nearer to mid-gear, may be
compared with the Zeuner dia-

gram for the respective positions.

Each operation of the valve,

namely, admission, cut-off, release,

and compression, taking place

earlier as the link approaches

mid-position, the effect upon the

shape of the indicator diagram,

and therefore also upon the mean
effective pressure of the steam in

the cylinder, is very marked.

Link Motion with “ Crossed ” Arms.—When the eccentric rods are

attached to the link as shown in Fig. 80, the effect on the steam



84 STEAM-ENGINE THEORY AND PRACTICE,

distribution for various positions of the link will be seen from Fig.

(S(S. The line EE" is drawn at. right angles to OE. As before

e,xplaiiu‘d, OE' is Hv,t off on tlie opfomte side of OE, making an angle

a with it (see Fig. 84). TJien a j)erpendicular tlirough E" on the

hoT'izontal line through O gives a point and an arc drawn through

h and E from a centre on line Ob produced, and drawn concave

towards tlie link, gives a curve representing the })ath of the centres

of the equivalent eccentrics as tlie link moves from full to mid-gear.

Thus OK is the radius of the equivalent eccentric for position K of

the block in the link, assuming EP to be the actual link to a reduced

scale. If valve circles be drawn on OE, OK, and Oh, and the lap

circle be added, it will be seen that as the link approaches mid-

position— (1) the valve-travel and the port o]>ening rapidly decrease

(compare OK in Figs. 86 and 88) ; ( 2) the lead (h^creases
;
and (3)

the gear may be designed so as to -give no port opening when the

link is in mid-position.

In setting a link motion, the port opening or lead is usually set to

be the same at both ends of the stroke when the link is in mid-gear.

The Meyer Expansion Valve Gear.—This gear, illustrated in Figs.

89 and 90, consists of two plates sliding on the back of a main valve

as shown. The degree of expansion is regulated by varying the
distance apart of the two plates as required, by means of a right and
left handed screw.

In Fig. 90, MV is the main or distributing valve, which is an
ordinary simple slWe-valve, with the addition o{ pieces at the ends
to form ports, p, through the valve. EV are the expansion valve

plates. Consider the expansion valve EV moving to the left

;

then when e reaches n cut-otf takes place, and the port in the main
valve MV is closed, till on the return stroke e again ipoves to the

right of ?L Evidently, by increasing the distance between the two
plates of the expansion valve, the distance s between e and n—when
both valves are in mid-position—is decreased, and cut-ofF takes place

earlier.

The main valve acts as an ordinary slide-valve, and the engine
might be worked with it alone if the expansion valve were entirely

removed
;
though in that case the steam would be supplied to the
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cylinder during the greater portion of the piston-stroke. The action

of the expansion valve does not in any way affect the action of the
exhaust through the

main valve.

The relative mo-
tion of the two
valves may be con-

veniently found by
making an outline

drawing of the valves

and ports (Fig. 90),

and drawing on the

centre line above

the valves, a circle

representing the
path of the centre of

the expansion eccen-

tric, and below the

V7il\^es a circle re-

presenting the path

of the centi*e of the

main-v'alve eccen-

tric, both circles to

the same scale as

that of the valves. Fig 90.

On these circle

;

draw the relative ]>ositions of the crank and eccentrics. The main
eccentric is set as for a simple valve, and the angle COE is known,
having given the lap a,nd lead of the main valve.

The expansion eccentric is usually set right oj)posite the crank for

a reversing engine
;
for a non-reversing engine the angle C'O'E' is

somewhat less than 180^.

Assuming the limits of cut-off, say, from 0*8 to 0’2 of the stroke,

then first by the method of templets : Let templets of the valves

be made preferably full size, and so that they may be moved relatively

to each other, and let the crank and eccentric on the respective circles

drawn above and below the figure b(^ placed in position correctly for

0*8 stroke of the piston. Draw perpendiculars from the respectiv^e

eccentric positions E and E^ of the eccentrics, moved to position j on

the circular path, and let the centres of the respective valves coincide

with these lines. Then the edge e of the expansion plate must be so

placed as to cover the port, the centre line of the plates remaining as

determined by the position of the eccentric. Proceeding similarly for

the other limit, the rangii of opcuiing and closing of the plates will be

determined.

The plates composing the expansion valve must be sufficiently wide

to prevent re-opening of the port in the main valve before the cylinder

port is closed.

Application of Zeuner Valve Diagram to Meyer Valve Qear.—In
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Fig. 91, if 00 represent the position of the crank, OM that of the

main-valve eccentric with angular advance 6, and OE that of the

expansion valve witii angular anvance then Oa is the distance

of the main valve from its middle position, and Oh the distance of the

expansion valve
;
also ah is the distance between the respective centres

of the two valves. If now OD, Fig. 92, be drawn equal and parallel

to EM, and a perpendicular J)d be let fall, then .Od = and 0 0

may be considered as an- eccentric with angular advance /? and

eccentricity OD, which governs, for any part of its path, the rela-

tive position of the centres, or the relative motion of the main

and expansion valves.

On OM (Pig. 93) describe the main-valve circle, and on OE
describe the expansion-valve circle ; also on OD describe a circle

representing the relative motion circle. Then, for any position OA
of the crank, Om is the distance of the main valve from its mid-

position, and 06 is the distance of the expansion valve from its mid-

position. Hence em is the distance between the centres of the two

valves. But Od = em, because if lines be drawm on OA from M, E,

and D respectively to m, e, and d, these lines are parallel, for each of

them, forming angles in a semicircle, are perpendicular to OA. But
OD and ME are equal. But when a line (as OA) cuts perpendiculars

from the extremities of two equal and parallel lines (OD and EM),
the perpendiculars intercept equal portions of that line

j
therefore

Od = em. And for any position OA of a crank, the radius vector Od,

intercepted by the relative-motion circle, gives the relative positions

of the centres of the main valve and the expansion valve respectively.
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Referring to Fig. 90, we see that when the centres of the valves
are at a distance apart = en = then cut-off* or re-admission will
take place. There-
fore, if a circle be
struck from centre

O (Fig. 94) with
radius s = Odg, cut-

off will take place

when the crank is at

OC, and re-opening

of the valv^e port will

take place when the

crank is at OC'.

From this it will

be seen that, having
given the position of

the cj'aiik at which
cut-off* is re(i[uired, the value of s may ]>e determined by the length
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of the line representing the crank position which is intercepted by the

relative-motion circle.

If the value of 8 becomes greater than OD, the expansion valve

becomes useless, merely contracting the port in the main valve instead

of closing it. To cut off at early points in the stroke, the value of

8 may become negative—that is, the exj)ansion plates overlap the ports

of the main valve when both valves are in mid-position. Thus od is

the negative value of s to cut off at crank-position 0P\ or at OT of the

stroke of the piston.

The various values of 8 are brought down on to one line, LF, and
these distances may be used for graduating the scale by which the

valve may be set for any desired point of cut-off.

Eeuleaux Diagram for Meyer Valve Gear.—The action of the

exjmnsion valve may be easily followed from this diagram (Fig. 95).

Fig. Oo.

Tims, taking the same example as in Fig. 94, draw the main-

valve circle with radius OM, eijual to the eccentricity of the inain-

A^alve eccentric. Draw also the relative-motion circle with radius

OD of the relative motion or virtual eccentric (obtained as explained

in Fig. 92), and from the same centre the crank circle CjC.^ to any
convenient scale.

From AB make the angle AOM = 6 = the angular advance of the

main-valve eccentric, and in a direction opposite to the crank-pin
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motion
;
and draw DI), making an angle y with AB, the angular

advance of the i-elative-inotion eccentric. From MO set off the lap

line of main valve parallel to MO, and at a distance I from it. Then,
with main valve, port opens at crank-position OCj and closes at OC.^.

From DD measure a distance, corresponding with 8 in Fig. 90.

Then OC.{ is the position of the crank at point of cut-off. If 8 be

negative, that is, if the expansion plates overlap the ports in the

main valve when both valves are in mid-position, set-off = lap of

expansion plate. Then cut-off takes place earlier in the stroke,

namely, when the crank is at OC4.

The expansion valve, for position of the plate, re-opens the port

in the main valve at Cg. It will be seen that C5 falls behind —that

is, the main valve has closed the steam port before the expansion

valve re-opens the valve port. If Cg had fallen before Co, the steam
would be admitted to the cylinder twice during the stroke.



CHAPTER V.

THE INDICATOR.

The indicator was originally invented by James Watt, and although
improved in points of detail, the main features of the instrument as

devised by him are substantially retained at the present time by
makers of indicators.

The uses to which the indicator is chiefly applied ar(^

—

1. To obtain a diagram from which conclusions may be drawn as

to the correctness or otherwise of the behaviour of the steam in th(^

cylinder
j
the promptness of the steam admission

;
the loss by fall of

pressure betwecm the boiler and the cylinder ; the loss by wiredraw-

ing
;
the extent and character of the expansion ; th(i efticiency of the

arrangements for exhaust, including the extent of the back pressure
;

the amount of compression.

2. To And the mean effective pressure exerted by the steam upon
the piston, with which to calculate the indicated liorse^poioer of the

engine.

3. To determine whether the valves are set correctly by taking

diagrams from each end of the stroke, and observing and comparing

the respective positions of the points of admission, cut-off, release,

and compression.

4. To determine the condition of the steam as to dryness when
the diagram is measured in connection with the known weight of

steam supplied to the cylinder per stroke.

Description of the Indicator.—The instrument, of which there are

several different types, consists essentially of a small steam-cylind(ir

containing a piston, and spring to regulate the movement of the

piston according to* the pressure
;

a pencil carried by a system of

light levers constituting a parallel motion, by which the pencil

reproduces the vertical movement of the indicator piston, but

magnified four, five, or six times
;
and a drum to which a paper or

‘‘ card is attached, and which receives a backward and forward

rotation on its own axis by a motion deri\"ed by a reducing gear

from the crosshead or other suitable portion of the engine.

By the combined vertical movement of the pencil and horizontal

movement of the paper, a closed figure is drawn called the indicator

diagram. The enclosed area represents the effective 'work done by
the steam upon the piston

;
the upper portion of the diagram represents

the varying pressure of the steam during the forward or impulse
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stroke of the piston, and the lower portion that during the backward
stroke.

The diagram traced by the indicator pencil differs more or less

considerably from the theoretical diagrams already considered^

\

.
^

,

rin!

Fig. m.

but the actual diagram is usually the more satisfactory, as it

approaches the more closely to the form of the theoretical diagram.

Three indicators will be here described, as sufficient for our

purpose, namely, the Thompson indicator, the Tabor indicator, and
the outside-spring indicator by Messrs. Elliott Bros.

1. The Thompson indicator is illustrated in section in Fig. 96.
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The indicator and tap here shown are screwed into a union connected

imniediately with the end of the cylinder.

The area of the indicator piston is one-half square inch. It is

put into communication with the engine cylinder by opening the

tap. The steam then lifts the piston,

compressing the sj)ring to an extent de-

pending on the pressure.

The piston has no packing, and makes
an easy fit with the indicator barrel.

The piston-rod is connected to the pencil

lever by means of a ball joint and a small

milled nut.

The upper side of the piston communi-
cates with the atmosphere by means of

small holes in the upper portion of

Fig. 97. cylinder.

The drum upon which the paper is

fixed for receiving the diagram is carried by a disc which rotates on
a vertical pin The drum is pulled in one direction by a cord,

attached through a reducing

motion to the engine crosshead

or some other suitable point,

and it returns in the opposite

direction by the tension of a
spring coiled in the drum.
The tension of this spring

may be regulated by a fly-nut

on the drum spindle. The
drum is shown in section in

Fig. 96.

The object of most recent

improvements in steam-engine

indicators has been to reduce

e weight of the parallel

motion, so as to reduce the

rors due to inertia which
at high speeds with the

Javier moving parts.

The parallel motion of the

indicator is repre-

by Fig. 97.^

The points a and h are

ed. The link ac turns

a, and eb about h. The
described by the pencil

is practically straight within
Fig. 98. the limits of its motion.

To change the spring in the

' From a paper by Mr. C. F. Budenberg, M.So., on “ Steam Engine Indicators.”
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Thompson indicator, unscrew the small milled nut by which the piston-

rod is attached to the pencil lever. Then unscrew the cylinder cover,

and remove the cover, spring and piston. Unscrew the spring from
the cover, and lastly from the piston. Proceed in the reverse order to

fix a new spring.

2. The Tahor indicator is illustrated in Figs. 98 and 99. The

Fig. 99.

most noticeable feature of this indicator is the means employed to

secure a straight-line movement of the pencil. A plate G containing

a curved slot is fixed in an upright position, and a roller fixed to the
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pencil lever H is fitted so as to roll freely in the slot. The curve of

the slot is so formed that it exactly neutralizes the tendency which

the pencil has of describing a circular arc, and the path of the pencil

is a straight line. This arrangement reduces the weight of moving
levers to a minimum, and this instrument is especially suitable for high

speeds. The pencil movement consists of three pieces—the pencil

bar H, the back link K, and the piston-rod link L. The two links

are parallel to each other in every position. The lower pivots of

these links and the
pencil-point are always
in the same straight

line. If an imaginary
link, parallel with the

pencil bar, be supposed
drawn from the bottom
centre of one link to the

other link, the combina-
tion would form a pan-

tagraph. The slot and
roller serve the same
j^urpose, but to better

advantage.

The pencil mechan-
ism multiplies the pis-

ton motion five times.

To change the spring

of the Tabor indicator,

remove the cover and
loosen the screw be-

neath the piston, which
liberates the piston

from the piston-rod.

Then unscrew the pis-

ton from the spring,

and the spring from
the cover. Proceed in

the reverse order to fix

another spring.

Selection of Spring
for Indicator.—Springs
are made of various

strengths to suit the

pressure of steam em-
ployed in the engine

to be indicated, weak
springs being required

Fia. 100. pressures, and
strong springs foj high

pressures. The strength of the spring is marked upon it
;
thus a
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spring gives a reading of 1 lb. per square inch pressure for every

in. vertical movement of the indicator pencil.

The strength of the spring chosen depends upon the height of

diagram required, which might be 2^ to 3 in. for slow speeds to

not more than half that height for high speeds. At 100 lbs. pressure

in the steam- chest, and no loss by throttling, a -3— spring would
give a diagram 2 in. above the atmospheric line, a spring about

in., and so on. In measuring the diagram to find the mean
pressure, care must be taken that the scale used is the same as that

of the spring in the indicator.

3. The construction of the outside-spring indicator, by Messrs.

Elliott Bros., will be understood from the diagrams (Figs. 100,

101). It possesses the advantage of

having a spring which is not exposed
to high temperature, and which is

therefore especially suitable for indi-

cating engines using superheated

steam, or engines using steam of high

pressures and temperatures.

Attachment of the Indicator.—

A

hole is drilled at each end of the

cylinder, and tapped to receive a half-

inch steam-pipe, to which to connect

the indicator-cock. Care must be
taken, in fixing the position of the

hole, that it is in no danger of its

being covered by the piston of the

engine at the end of the stroke. The
pipe connecting the indicator should
be as short and direct as possible,

and be well lagged. Long pipes and
sharp bends may greatly interfere

with accuracy of results.

Reducing Motions.—The motion of

the indicator drum must be an exact

reproduction of the motion of the

piston, or crosshead, on a reduced

scale. The length of the indicator diagi\am is usually from 3 to 4
in., or longer for slow-speed engines; at high speeds the length is

reduced. The movement of the drum is obtained by some arrange-
ment for reducing the motion of the crosshead in the following

ratio, namely

—

(length of diagram required) (length of stroke of engine)

The method of obtaining the movement required differs according

to the design of the engine to be indicated. The cord used for

attaching the drum to the moving part of the engine should be as

short as possible, and the cord itself well stretched before being used

for such a purpose.
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Fig. 102 shows a method of fitthig up an indicator gear for a small

vertical engine, as used by
the author for experimental

purposes. Figs. 103-107 show
other methods, as applied to

horizontal engines. The points

requiring special attention

are

—

(1) The point from which
the motion of the cord is taken

must be a correct reproduc-

tion of the motion of the cross-

head to a reduced scale.

For this purpose it is neces-

sary that the ratio AB : AC
should be constant for all

positions of the crosshead (see

Figs. 103, 105, and 106), where
C represents a pin moved by
the crosshead of the engine,

and B the j)in to which the

indicator string is attached.

The cord is carried away
from the pin B parallel

to the centre line of the

engine
;
but when the cord is

taken off the circumference of

a portion of a disc, as shown
in Fig. 104, the cord may be

carried away to the indicator

in any direction, because the

Fig. 103.
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travel of any point in the cord thrpughout its length is the same for

all directions of the cord.

Fig. 104.

Fig. 107 is a pantagraph, the point A being connected to the cross-

head, while the point C is a fixed centre. The cord is attached to E,
so placed that E is in the straight line joining A to C.

(2) The cord must in all cases (except when attached to the circum-
ference of a disc) be led away from the driving-point in a line parallel

Fig. 105. Fio. 106.

to the line of motion of the piston to a leading-oflf pulley, after which
it may be taken at any angle, in the same plane^ to the indicator

drum
;
the important point being that the motion of the cord at the

drum is the same as its motion at the driving-point.

Sometimes a reducing motion is fixed to the indicator direct, and
consisting of two pulleys whose diameters are in the same ratio as

(length of diagram required) : (length of stroke of engine). Then
a cord led from the large pulley to the engine crosshead by a suitable
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guide pulley, and another cord from the small pulley to the indicator

drum, give the motion of the drum required without any levers.

Method of taking In-

dicator Diagrams.

—

1. Lubricate the indi-

cator piston.

2. Before attaching

the indicator, blow
through the pipes to

see that they are clear.

3. Adjust the drum-
cord so that the drum
rotates freely without
knocking at either end
of its stroke.

4. Place the cord on

the drum, and attach

Yig, 107. i'he cord to the driving-

point.

5. Warm up the indicator by admitting steam for a few seconds.

6. When the steam is sliut off, bring the pencil round till it touches

the card gently, and draw a firm line. Adjust the stop-screw so that

the pressure on the pencil cannot afterwards be excessive.

The line drawn while the steam-cock is shut is called the “ atmo-

spheric line.’’

7. Open the steam-cock, apply the pencil to the card, and draw a

diagram. Allow the pencil to remain against the card till several

diagrams are traced one upon another.

Fig. 108 .

—

XY = atmospheric line; AB = admission line ; BC = steam
line ; CD = expansion line ; DE = exhaust line ; EF = back-pressure
line ; FA = compression lino ; A = point of admission

; C = point of cut-

off; D = point of release ; F = point of compression.

8.

Remove the card and mark on it the following particulars :

—

Name of engine
Date
No. of diagram
Scale of spring *
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Cylinder diameter

V stroke
Which end ***

Diameter of piston-rod
Revolutions per minute
Boiler pressure
Vacuum ... ...

Barometer ... ...

InitiaJs ...

The I]ldica.tor DiRgrsiin.—Fig* 108 is an example of a common
form of diagram from a single cylinder non-condensing engine
running under good working conditions :

—

The admisnion line, AB (Fig. 108), shows the rise of pressure of
the steam as it enters the cylinder. The character of this line
varies with the lead of the valve : thus in Fig. 109, the effect of too
early opening of the port to steam is shown by the dotted line m;
too late action is shown at n, Pig. 110.

The steam line, BC (Fig. 108), shows how nearly the steam pressure
in tlie cylinder reaches that of the boiler. For this purpose it is

usual to draw the boiler-pressure line over the steam line as shown
in Fig. 114. There is always a certain fall of pressure between
the boiler and the cylinder in consequence of throttling of the steam

Fra. 109.—m = excess of lead; p= Fro. 110.—» = insufficient lead; < = late
wiredrawing; 8 = early release ; r = exhaust; x = late compression,
early compression.

in the poi*ts and passages, and especially at high speeds, when work-
ing linked up, also with very long steam-pipes, or with steam-pipes
too small in diameter or having sharp bends.

Again, during the flow of steam into the cylinder there is often a
further gradual fall of pressure, as shown b}^ dotted line p (Fig. 109),
due to the increased demand for steam as the piston advances, causing
a sudden large displacement. This effect, namely, the gradual fall

of pressure during admission, is known as “ wiredrawing.’*
The effect on the steam line of regulating the engine by a throttle

valve, and thus varying the opening for the supply of steam, is shown
by Fig. Ill, which was obtained by successively removing portions
of the load on the engine and maintaining the speed constant by
partially closing the steam-supply valve.

The forward-pressure line A for a heavy load fell to B for a
medium load, and to C for a light load, the points of cut-off, release,

and compression remaining constant.

Thepoiw^ of cut-off, C (Fig. 108), is more or less sharp and definite
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with trip-valve gears, which cut off suddenly by the action of a
strong spring * but with the slide-valve the cut-ofF is more gradual,
the corner is rounder, and the exact point of cut-off is more difficult

to locate. In sucl;^ a case the point of cut-off may be taken at the
point where the concave curve of the expansion line meets the convex
curve of the cut-off corner.

The effect on the diagram of varying the point of cut-off is shown

in Fig. 112 for non-condensing engines, and in Fig. 113 for con-

densing engines with a trip-valve gear, the cut-off* being fairly sharp.

Fig. 114- shows the effect of regulating the cut-off with a slide-

valve high-speed engine. Here the cut-off point is much less definite

than with a trip gear (Fig. 113),

In the non-condensing diagrams (Fig. 112) with an early cut-off,

it is seen that the expansion line falls below the atmospheric line,

and forms a loop at tlie end of the diagram
;
this is due to the pres-

sure of steam during expansion falling below atmospheric pressure,

and hence, when the exhaust port opens, the pressure will rise instead

of fall to the back-pressure line. This is a most wasteful form of

diagram. In condensing engines with a good vacuum, a loop is not

formed even with a very early cut-off (Fig. 113).

Where it is necessary to work regularly with a very early cut-off,

the conditions are uneconomical, and the engines are too large for

their work.

The expansion curves of indicator diagrams vary considerably, and
they do not obey any very definite law. They are, in fact, the

resultant effect of a variety of separate causes, operating to a

different extent in different engines, and even in the same engine

by change of conditions. These causes include : increase of volume

of the steam after cut-off
;
condensation by work done and by loss of
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heat to the internal cylinder surface ; re-evaporation of water present

in the cylinder during expansion.

It is, however, frequently helpful to apply to the expansion line

of a diagram an approximate standard, and for this purpose the

hyperbolic curve is used, and, without expecting the diagram neces-

sarily to follow that curve, useful information may sgmetimes be
obtained by its aid, especially as to the probable extent of re-evapora-

tion in the cylinder. The method of applying this curve to the

diagram is explained on p. 109.

The release point, D (Pig. 108), occurs just before the end of the

stroke. The higher the rate of revolution of the engine the earlier

the exhaust, the trouble with high-speed engines being not so much
how to get the steam into the cylinder as how to get it out.

The exhaust line, DE (Pig. 108), represents the fall of pressure which
takes place when the exhaust port is opened. Pig. 109, p. 99,

shows, by dotted line, early opening to exhaust at s, and Fig. 110
late exhaust at t

The bach-pressure line, EP (Fig. 108), shows the pressure against

the piston during its return stroke, the amount of the pressure being

measured from the back-pressure line down to the zero line of pres-

sure. In non-condensing engines, the back pressure coincides the

more nearly with the pressure of the atmosphere as the exhaust

passages permit of a free exit for the steam. In good non-condensing

engines the back pressure is about 1 lb. above the atmosphere, and in

condensing engines about 3 lbs. above zero.

The compression curve, FA (Pig. 108), commences from the point of

exhaust closure at F. The point of closure depends upon the amount
of inside lap on the valve, and the angular advance of the eccentric,

and the nature of the curve formed will depend upon the pressure

of the steam trapped, as well as upon the volume of the clearance

space. A valve having an amount of inside lap suitable for a con-

densing engine when the pressure of the steam at beginning of

compression is only, say, 3 lbs. absolute, will probably show an
excessive amount of compression when the same engine is used
non-condensing, and compressing steam at 16 lbs. absolute pressure.

,

The shape of the compression corner of the diagram is, however,

the resultant etiect of several causes, including the compression of

the steam enclosed
j

compression of air trapped with the steam,

especially in non-condensing engines
;

leakage of steam into and
out of the cylinder during compression

;
and the early admission

of steam before the piston has yet reached the end of its backward
stroke, especially with a link motion linked up towards mid-
position.

Clearance.—This is the space enclosed between the piston and the

face of the slide-valve when the piston is at the end of its stroke,

and includes the space between the piston and cylinder cover, the

volume of the steam-port up to the face of the slide-valve, and the

volume of any other pipes or passages opening into the cylinder

requiring to be filled with steam each stroke, such as auxiliary
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starting valve pipes, relief cock, and indicator connections. The
clearance volume is relatively greater in small engines than in large,

and varies from 3 to 10 per cent, of the piston displacement. With
piston valves the clearance volume may reach 25 or 30 per cent. The

clearance space, though generally a source of loss when considered in

connection \yith steam consumption, is necessary for practical reasons

—-tirst, to avoid danger to the cylinder covers by allowing space for

the small amount of water which is invariably present to a greater or

less extent in engine cylinders ;
and also to provide passages sufficiently

large for the ready ingress and egress of the steam. Since the clearance

volume depends upon the area of the piston, and not upon the length

of stroke, it follows that in the short-stroke cylinder of large diameter

the clearance volume is necessarily a large proportion of the piston

displacement.

The clearance line, OP (Fig- 115). Before this line can be drawn,

the volume of the clearance space must be obtaiiK'd by calculation

from the drawings of the cylinder, or by measurement. Then, if

vertical lines be drawn touching the ends of the indicator diagram,

the distance between them represents the piston displacement. The

clearance line must then be set back from the line through AB, so

that its distance OB from the end of the diagram is to the whole

length of the diagram BC, as the volume of the clearance is to the

volume of the piston displacement.

The zero line of j^ressurcy or line of perfect vacuum, is drawn 14*7 lbs.

below the atmosj)lieric line, or, more correctly, by the reading of the

Fig. 115.—OB = clearance fblumc ; BC =
piston displaceraent.

atmospheric pressure from the barometer, which is set down from the
atmospheric line to the same scale of pounds as the spring used in

drawing the diagram.

Effects of Clearance.— 1 . Effect of clearance on the ratio of

expansion :

—

In Fig. 116, let V = piston displacement; c = clearance volume;
a = piston displacement at cut-off

; R = nominal expansion
;

~

actual expansion.

Assuming hyperbolic expansion

—
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Then E =

K,=

final volume

volume at cut-off

V + c

a 4- c

V
a

Example.—Let V = 5 cub. ft.
;

c = a = 1 cub. ft.
;

initial pressure

= 100 lbs. absolute.

Then cut-off‘ takes place at of the stroke, and, neglecting the

efiect of clearance volume, the nominal number of expansions II = 5.

But when the clearance volume is added, then the actual number
of expansions

—

final volume
^ volume at cut-off a -f c 2

Or the actual ratio of expansion is ^ instead of

The terminal pressure
) _ initial volume _ _ 9^

neglecting clearance
)

- 100 X - OOy - -

The terminal pressure
) _ . ^ ^

including clearance
|

^ y _p ^

Clearance steam does no work on the piston during admission
;
but

after cut-off its efiect is to raise tlie pressure during expansion, or to

permit a larger expansion for a given terminal pressure, and thus to

increase the area of the expansion portion of the work diagram.

2. Efiect of clearance on steam consumption when the steam is

admitted to the cylinder through the whole length of stroke, and
with no compression of exhaust.

Here evidently the clearance volume is filled each stroke by
steam that does no work on the piston,

and the steam so used is all wasted at

the exhaust.

3. Efiect of clearance on work done
per unit volume or weight of steam with
expansion.

(a) Taking first the case (Fig. 117)
where clearance volume = 0 and com-
pression = 0 : To find the work done
per unit weight of steam, which is here

taken as the weight of 1 cub. in. of steam
at 75 lbs. absolute pressure, expanded
down to back pressure of 15 lbs. absolute.

Mean pressure = 39*16
area_ _ ^^(1 + r) _ 75(1 + 1*61)

length 5 “ 5

or mean effective pressure = 39*15 — 15 = 24*15 lbs.

Work done per unit of steam admitted = 24*15x5 = 120*75 inch-lbs.

(h) Taking, secondly, clearance volume = 0*5 cub. in. and com-

pression = 0 (Fig. 118).

Here for the same terminal pressure the piston displacement may



104 STEAM-ENGIJVE THEORY AND PRACTICE.

be increased to 7 cub. in., the number of expansions being five in

each case.

final volume 7 '5

original volume ““ 1*5

Mean pressure
[

area 76 + (76 X Vb)log^r
^ ^

during stroke
j

= length ~ 7
~

or effective pressure = 36*69 — 16 = 21*69

Work done per cubic inch of steam admitted = 21 ’59 x 7 -4- 1*5

= 100*76 iiicli-lbs.

This result, namely, 101*75 units of work per cubic inch of steam
admitted, compared with 120*75, which is the amount of work done
per unit of steam with no clearance space in the cylinder, shows a

loss due to clearance space in this example of 16*5 per cent, in work
units per unit of steam. Both these cases are without compression.

(c) Taking the same data as before, but with compression during

the backward stroke from atmospheric pressure up to initial

pressure (see Fig. 119).

Considering the case numerically, it has been shown, case (a), that
the figure cM/ without clearance (Fig. 119) is equivalent to a work
area of 24*15 X 5 == 120*75 units; also, by case (?>), that the figure
chde with clearance is equivalent to a work area of 21*59 x 7 =
151*13 units, or a differeiice equal to the area fde of 30*38 units.
But the area of the figure oba2 = r = 5 = 1*61) times the

area of the clearance volume rectangle og = 1*61 x 75 X 0*5 = 60*375.

mi area oha2 60 376
Ihe mean pressure =

i^gth ~ —2

—

Deducting pressure of atmosphere, 30*1 875 — 16 = 15*1875
Work units performed during forma-)

tion of compression corner ahc

30*1875

= 16*1876 X 2 =,30*37c^

That is, the negative work area of compression ahc is equal to the
positive work area fde due to increased expansion.

Therefore the work area chdf without clearance is equal to the
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work area ahde with clearance, and each of these areas has been
formed with the same weight of steam. Hence there is no loss by
clearance when compression is carried to initial pressure, and when
expansion is carried down to back pressure.

In practice the two latter conditions are rarely fulfilled, and there

is, therefore, usually a considerable loss by clearance, especially when
the clearance volume is proportionally large, as in short-stroke high-

speed engines.

The compression of the steam towards the end of the exhaust

stroke is of more importance from the point of view of smooth
running and the prevention of shocks than of steam economy

;
and

the higher the speed the more necessary is it to have a good com-
pression corner to the diagram.

The Stephenson link motion fulfils this condition very efficiently

by providing an increasingly early closure to exhaust, and an increas-

ing lead when linking up takes place at high speed, the combined
efiect of which is to give a large compression corner, shown in Fig.

87, and thereby to improve the smoothness of running of the

engine.

Limit of Useful Expansion.—In addition to the limit which cylinder

condensation and excessive variation of stress upon the piston may

Fig. 120 .

place upon the number of expansions permissible in a single cylinder,

there is a further reason for limiting the number of expansions,

namely, the work to be done by the engine in overcoming back
pressure and friction

;
and this applies to both simple and compound

^ngines of all classes.

The proportional loss due to work done against the back pressure

of the atmosphere increases directly as the expansions increase,

while the gain due to increased expansion is a gradually decreasing

one. A limit is therefore eventually reached, beyond which further

expansion would involve a loss. This is well illustrated by the

following (Fig. 120), which is a modification of a diagram by Willans.
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From the point 0 a vertical line, OW, is drawn representing work
done in foot-pounds, and Oa is a line of volumes in cubic feet.

On the vertical line through O a scale is set off of work done per

cubic foot of steam at any required pressure
(
= PV). Then, assum-

ing hyperbolic expansion, the work done by expansion from 1 to 2,

3, 4, etc., cub. ft. is set up to scale on the vertical lines from the

respective points 2, 3, etc., on the line Oa.

Thus at 2 cub. ft. the height of the vertical 2K for any pressure,

as 75 lbs., = PV(1 + log, 2) ;
at 3 cub. ft. = PV(1 + log, 3), etc.

These vertical lines represent to scale the total work done by the

steam during admission and expansion, 2, 3, 4, etc., times.

But these totals will be reduced by the work done against back

pressure. For non-condensing engines, taking 16 lbs. per square

inch absolute to represent back pressure due to the atmosphere, and
2 lbs. per square inch of piston to overcome the friction of the engine,

then from 1 set up PV due to back pressure = (18 X 1) ;
from 2 set

up (18 X and so on. Then the height of the vertical from Oa to

meet the oblique line through e represents the work done against

back pressure and friction ior non-condensing engines. Similarly,

an oblique line through c is drawn for condensing engines, alloAving

6 lbs. absolute for work done against back pressure and in over-

coming friction.

Then the vertical ordinates measured at eacli ratio of expansion,

from the friction line to the curves, give the theoretical net effective

work for the initial steam pressure taken.

The most effective number of expansions is where this ordinate is a

maximum. . A dotted line (m) is drawn representing the number of

expansions, beyond which it does not pay to go. The limiting ratio

of expansion for non-condensing engines was given by Willans as

(absolute initial pressure) -4- 25. For condensing engines, it will be

seen from the figure that the limiting ratio (nl) is much higher, and

in practice the number of expansions = (absolute initial pressure)

14 approximately.

Indicated Horse-power (I.H.P.).

Fig. 121.

-The formula is given on p. 2.

It is convenient to use a con-

stant for each engine = L X A
33,000, where L = length of

stroke in feet, and A = effective

area of piston in square inches.

Then

—

P X N X constant = I.H.P.

where P = mean effective pres-

sure, and N = number of impulses
per minute.

The mean effective presstire, as

obtained from an actual indicator

diagram, is the mean width of the figure measured by the scale of the
indicator spring with which the diagram was taken (Fig. 121).
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The mean forward pressure is the mean height of the irregular

figure cahd from the zero line pf pressure.

The mean hack pressure is the mean height of the irregular figure

cehd from the zero line of pressure. The difference between the

mean heights of these two figures = the mean effective pressure.

Measurement of Mean Pressure.—For this purpose two methods
may be adopted—first, the method of ordinates

;
or, second, the use

of the planimeter. The method of ordinates is as follows : Draw two
lines at right angles to the atmospheric line, touching the diagram

at its extreme ends, and divide the space between them into 10 equal

parts (or, when great accuracy is required, into 20 equal parts).

In order now to find the mean width of the diagram, measure the

width in the centre of eacli space by the scale corresponding to the

spring of the indicator, add the I'esults together, and divide by
the number of measurements

;
the result will be the mean effective

pressure.

The planimeter is an instrument by means of which the mean
pressure may be obtained from the diagram more rapidly than

by measurement. There are various kinds of planimeters, as the

Ainsler planimeter, the Coffin averaging instrument, the Hatchet
planimeter, and others. The operation with the Amsler planimeter
consists of tracing the outline of the diagram with a pointer of the

instrument, when the mean pressure of the diagram may be read

from the graduations of a small roller, the movement of which
depends upon the path of the tracer as it passes over the outline of

the diagram.

When a diagram has loops, as shown in Fig. 122, the loops repre-

sent negative work, and show that the engine is under-loaded. The

4

loops would disappear if the load were increased. The forward line

hcd would then rise as in Fig. 123, while the back-pressure line fgd
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remains as before. Or, by exhausting into a condenser, the back-

pressure line may be lowered, while
.
the forward - pressure line

remains. In all cases of diagrams with loops, it is advisable to draw
the zero line of pressure, and estimate by the usual method of

ordinates, the mean pressure of the whole forward-pressure diagram,

ahcde (Fig. 124), and afterwards of the back-pressure diagram,

ahfgde, shown cross-lined. The difference will be the resultant moan
effective pressure.

To find the power of an engine, diagrams must of course be taken

from each end of the cylinder. When one indicator is connected

with the two ends of the cylinder by pipes and a three-way cock,

as shown in Fig. 125, the two diagrams may both be taken on one
card, as Fig. 126. This system (Fig. 125) is not to be recommended
except for small engines. The mean pressure of such diagrams is

taken by measurement separately, and their sum is divided by 2 to

obtain the mean pressure.

To find the mean value of the area A of the piston, when the

steam acts on a full face, of the piston on one side, and when on
the other side the amount of this area is reduced by the area a., of

the piston-rod—
Then mean area A - -f (uj — ay)} -i- 2

For compound or multicylinder engines, the power of each cylinder

separately is obtained, as already explained, and the sum of these

is the total indicated horse-power.

Mean Power at Variable Speeds.—Where the ^ revolutions are

variable during the perjod of trial, indicator diagrams should be
taken more frequently, and to ensure accuracy where the speed

varies considerably, and especially when the mean pressures at the
two ends of the cylinder vary also, it is more satisfactory to keep
the diagrams from the two ends of the cylinder separate

;
to obtain

a piston constant for such end separately
;
to find the I.H.P. for each

diagram as it is taken
;
to take the diagrams at equal intervals

;
and,

finally, to find the mean of all the diagrams from the respective ends
of the cylinder. Then the sum of the means from each end of the
cylinder is the total I.H.P.

To draw a Hyperbolic Curve upon an Indicator Diagram.—The
point from which the curve is drawn may be at a just before the
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exhaust port opens, or at b just after cut-oiF. At a the weight of
steam present in the cylinder as steam is usually a maximum, owing
to the effect of re-evaporation. It will not represent the whole weight
of steam passing through the cylinder, because even here there is

probably a certain percentage of water not yet re-evaporated, and a
certain amount of leakage past the piston and valve to exhaust. The
space between the diagram and the curve will show approximately
the loss of area due to the previous condensation of the steam now
reappearing in the later part of the diagram.

Set off first the clearance line at O, and draw the zero line of
pressure Ov by scale of indicator spring. Then, to draw the curve
touching point a (Fig. . 127), draw a horizontal and vertical line

through a, and make ae any convenient height. Join Oc, and from c
draw a horizontal, ce. Where Oc cuts the horizontal line through a
raise a perpendicular, de. Then e is a point in the hyperbolic curve.
Any number of further points in the required curve may be obtained
by drawing lines from 0 as shown, and by drawing horizontals and
verticals from the intersections of the lines through O with ac and
ad respectively. The curve is drawn through the points of inter-

section.

The construction of the curve through b (Fig. 128) will be under-
stood from the figure, the points in the dotted hyperbolic curve being
obtained by drawing any oblique line, Oc, to a point c on the hori-

zontal through b. Then, where the oblique line Oc cuts the vertical
through 6, namely, at d, draw a horizontal line, de, to cut a vertical
through c : then point e is a point on the hyperbolic curve.



CHAPTER VI.

QUALITY OF THE STEAM IN THE CYLINDER.

In all ordinary types of steam-engines, the steam in the cylinder at

the point of cut-ofF is less than that actually admitted to the cylinder

per stroke, the remainder being present in the cylinder as water, or

having passed away to exhaust by leakage at the slide-valve or

piston.

The amount of the loss from these two causes combined varies

from 20 to 50 per cent, of the total weight of steam supplied per

stroke. The causes of the presence of water in the cylinder may be
stated in detail as follows :

—

1. Wetness of the steam originally supplied by the boiler.

2. Wetness due to condensation in long ranges of steam-pipes and
in the valve chests, especially when these parts are not well covered

with non-conducting material.

3. “Initial condensation’’ of the steam on entering the working
barrel of the cylinder.

4. Condensation due to work done by the steam during expansion

in the cylinder after cut-off.

5. Condensation due to external radiation and conduction from the

cylinder walls.

1. Wetness of Steam supplied by the Boiler.—When steam carries

over with it from the boiler to the engines water which has not been

evaporated, but which passes away mixed with the steam, the

phenomenon is known as priming.

'The conditions which determine, to a greater or less extent, the

quality of the steam supplied from a boiler as to dryness are
:
(a) the

rate at which the steam is generated—whether by natural draught or

accelerated draught ; the greater the rate the greater the tendency

to wetness. (&) The area of the water surface at the water-level of

the boiler per pound of steam generated per minute
;
the smaller the

surface area for a given weight of steam delivered, the greater the

disturbance of the surface, and the more probability of the steam
being wet— hence the steam is usually dryer from a Lancashire boiler

than from a vertical-type boiler, (c) The volume of the steam space;

within certain limits, the smaller the volume the greater the tendency
to wetness ; hence one means of reducing the amount of priming in

boilers is to work with the water-level low in the gauge-glass, (d)

The size of the boiler compared with the weight of steam required
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per stroke by the engine
;
thus a large slow-running engine, if

supplied with steam from a relatively small boiler, causes a fluctua-

tion of pressure in the boiler at each stroke of the engine, which
induces surface agitation of the water as the pressure varies, and
tends to increase the wetness of the steam. This effect may be
remedied by throttling down th^ steam-supply at the stop-valve, so

as to reduce the extent of the fluctuation of the pressure in the boiler,

2. Wetness due to Condensation in Steam-pipes and Valve Chest.
—The loss of heat from uncovered steam-pipes is considerable, and
varies directly as the difference of temperature of the steam and the
external air, and inversely as the thickness of the pipe.

The loss from iron steam-pipes uncovered, per degree difference

of temperature between steam and external air, is approximately
2*4 thermal units per hour per square foot of external surface of pipe.

By covering the pipe with woollen felt J inch thick, this loss is re-

duced to 0*7 thermal unit per hour per square foot of external surface

of metal pipe
;
with 1-inch covering the loss is 0*4 thermal unit, and

with a 2-inch covering 0*24 thermal unit.^

All water present in the steam should, as far as possible, be
separated from it, so that the steam may enter the cylinder dry, and
for this purpose it is usual to fix a separator

as near as possible to the engine. The action

of one form of separator, of which there are

various designs, will be understood by refer-

ence to Fig. 129. The wet steam enters the

chamber at the top, and })asses through a

spiral passage downwards towards the bottom
of the separator. The whirling motion of the

steam thus set up causes the particles * of

water present in the steam to strike the

sides of the chamber, and to flow to the

bottom of the vessel. The steam passes for-

ward in a more or less dry condition, in an
upward direction through the exit pipe, the

bottom of which is some distance from the

bottom of the separator. Connected with

the separator is a “ steam trap ” into which
the water is collected, and from which it is passed into the feed-tank,

A gauge-glass is fitted to show the height of water present in the

bottom of the separator.

3. Initial Condensation.—Next to the loss of heat at the exhaust,

that due to initial condensation of steam in the cylinder is the most
serious of the losses connected with the use of steam as a working
fluid

;
and the endeavour to prevent the loss from this cause has

accounted for most of the improvements in the steam-engine since

the time when James Watt invented the separate condenser. Before

this time the cylinder was used alternately as a steam-cylinder and
a condenser.

^ These numbers are deduced from a table by Mr. A. G. Brown in “ The Indicator.”
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When steam from the boiler is admitted to the cylinder with the

piston at the beginning of the stroke, it comes in contact with the

metallic surfaces of the cylinder cover, the face of the piston,

the walls of the steam ports, and more or less area of the circum-
ferential surface of the cylinder barrel.

If all these surfaces were as ho^ as the steam which enters the
cylinder, no transfer of heat would take place between the steam
and the metal, and therefore there would be no initial condensation
of the steam.

But in practice the temperature of the walls is always lower than
that of the entering steam, the walls being cooled during expansion
and during exhaust, by having been in contact with the comparatively

cool steam of reduced pressure at these periods. Consequently,

during admission of steam at the beginning of the stroke, condensa-

tion takes place, till the walls are heated up to a temperature
approaching that of the initial steam. Hence the weight of steam

admitted to the cylinder per stroke, up to point of cut-off, is greater

than that present in the cylinder as steam, by the amount condensed
during admission in the process of warming up the cylinder walls.

Condensation, then, up to point of cut-off is due to the heat lost in

warming up the metallic walls with which the steam comes in contact

in the cylinder.

In addition to this, as already explained in the chapter on tempera-

ture-entropy diagrams, there is the condensation which takes place

after cut-off due to the work done during expansion at the expense

of the internal energy of the steam.

Considering the amount of steam condensed in the cylinder, it

would seem, at first sight, that the cylinder must gradually become
choked with water. Such is more or less the case when the engine is

started, and before the cylinders have been properly heated up, and to

get rid of this water, relief-cocks are fitted at each end of the cylinder,

which are always opened when the engine is started, so as to hlow

through and relieve the cylinder of the water deposited.

As the temperature of the cylinder walls gradually increases, less

water is deposited. If the relief-cocks are now shut, more or less con-

densation will still continue, but the water deposited is usually removed

from the cylinder by re-evaporation.

Be-evaporation.—During the stroke of the piston, as soon as cut-off

takes place, the pressure of the steam gradually falls, and the water

present, owing to the removal of the pressure upon it, begins to re-

evaporate as soon as the pressure of the steam falls below that

corresponding with the temperature of the water in the cylinder-

This point generally occurs soon after cut-off, and the re-evaporation

continues as the expansion continues, the weight of steam present,

as steam, gradually increasing towards the end of the stroke. When
the exhaust port opens, the pressure is, more or less suddenly, still

further reduced and the rate of re-evaporation accelerated, and during

the exhaust stroke the water of initial condensation more or less

completely disappears as dry steam#
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The heat required for re-evaporatiou is obtained partly from the

heat in the water itself, but chiefly at the expense of the heat in the

cylinder walls
;
hence the greater the re-evaporation the more heat

flows from the walls, and the more heat must be given up to the walls

on the succeeding stroke by the steam during admission.

The heat given up by the steam to the walls is practically lost

(except for the small amount of work done by re-evaporated steam),

because tliis lieat, wliich is again returned by the walls, is given up
during exhaust, and thus increases the already large exhaust waste.

Mean Temperature of Cylinder Walls.—From tlie experiments of

Messrs. Bryan Donkin, Callendar, and Nicolson, it has been shown
that the cylinder walls may be divided into two parts, namely, the
outer portion, wliere the temperature is constant

;
and the inner or

“periodic” poi-tion, where the temperature fluctuates with the tempera-
ture of the steam in contact with it.

The depth of the periodic portion is usually very small, and the

less so as the time of interaction is less between the steam and the

cylinder walls.

In all cases economy results from raising the mean tempei-ature of

the walls nearer to that of the initial steam in the cylinder. The
mean temperature of the walls is raised as the weight of steam passing

through the engine per minute is increased, and the condensation is

thus reduced per pound of steam supplied.

Conversely all causes tending to reduce the mean temperature of

the cylincUu* walls tend also to increased cylinder condensation, and
therefore to increased consumption of steam per I.H.P. per hour.

Weight of metal heated
tliermal units absorbed ~ (specific heat

\ of iron x degrees rise of temperature)

Range of Temperature.—The range of temperature of the steam in

the cylinder is tlie diflTerence — t^), where is the temperature
during [idrnission, and tlie temperature of exiiaust. The range of

temperature is thus independent of the point of cut-off.

l^ut cylinder condensation depends, not directly on the range of

temperature of th(^ steam, but on the mean temperature of the

internal portion of the cylinder walls, and the following relations

should be noted between range of temperature of the steam and mean
temperature of th(' walls :

—

(
1
)
For a given constant range of temperature of the steam in a

cylinder, the mean temperature of the walls increases as the point of

cut-off is later
;
hence the mean temperature, and also the amount of

cylinder condensation, may vary considerably with the same range
of temperature.

(
2

)
The mean temperature of the walls may remain constant for any

number of different ranges of temperature above and below the mean ;

hence the amount of cylinder condensation may vary considerably with
the same mean temperature, being greater as the difference between
the initial temperature of the steam and the mean temperature of the

walls is greater, and vice versa.

1
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Wet Steam supplied to Cylinder.—Experiment has shown that

steam admitted to the cylinder initially wet tends still further to

increase initial condensation, at least up to a certain limit, and,

conversely, the drier the steam the smaller the heat interaction

between the steam and the cylinder walls. Hence the importance
of draining steam-pipes and valve chest, as already pointed out.

Water entering the cylinder with the steam tends to become
partially evaporated in passing through the cylinder, because the

sensible heat contained in the water on entering the cylinder is

greater than will be retained by it on leaving, hence a portion of the

original water is evaporated by the heat liberated at the lower

pressure.

4. Condensation due to Work done during Expansion.—In addition

to initial condensation due to interchange of heat between the steam

and the cylinder walls, there is, during expansion in the cylinder, an
internal or molecular liquefaction due to work performed at the

expense of the internal energy of the steam
;
therefore the greater

the expansion the wetter the steam becomes. The e^xtent of the

condensation due to work done has been already explained under
temperature-entropy diagrams (p. 44), and on unjacketed cylinders

the causes tending to wetness of exhaust exceed those tending to

dryness.

Speaking generally, the amount of initial condensation depends—
(1) Upon the difference between the initial temperature of the

steam entering the cylinder and the mean temperature of the cylinder

walls, condensation being less as the mean temperature of the walls

approaches the temperature of the initial steam.

(2) Upon the point of cut-off in the cylinder
;
the mean temperature

of the cylinder walls is higher, and therefore the condensation is less,

as the cut-off is later—that is, as the greater weight of steam is

passed through the cylinder per stroke, other things being equal.

(3) Upon the time of contact of the steam with the cylinder walls,

condensation being less as the rate of revolution (N) increases, other

things being equal.

(4) Upon the extent of cylinder surface exposed to the steam when
the piston is at the beginning of the stroke, condensation being less

as the area of metallic surface taking part in the heat interchange

is less.

The measure of initial condensation in the cylinder has been
expressed by Escher thus :

where C = initial condensation in B.T.U. per pound of steam
;
W =

weight of feed-water in pounds per stroke
;

8 = exposed surface of

the metal at beginning of stroke
;
Tj = initial temperature of steam

;

= mean temperature of cylinder walls (absolute scale)
; p = the

density of the entering steam
;
N = revolutions per minute ; A is a
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constant, which is given as 80 for unjacketed cylinders, and 56 for

jacketed cylinders. This constant will vary with varying types of

To find the Weight of ‘Steam accounted for by the Indicator
Diagram.—To find the weight of steam in a cylinder per stroke from
the indicator diagram, it is necessary to know the volume occupied
by the steam present in the cylinder

at the point of the stroke chosen foi- [“ \ ^
measurement, and the pressure of K
steam at that point

;
then, knowing 1 \

from the Steam Tables the weight
1

per cubic foot of steam at the given \

pressure, the weight required can i\ I

be at once determined.
j ! M

The points from which measure- 1
i

[

•

ments are taken must be chosen l_j
^

...

from that portion of the diagram ^ ^ ^

where the slide-valve covers the

ports, and where the steam is completely enclosed within the cylinder,

and its volume definitely known. In other words, the points must
be chosen on the expansion curve after cut-off and before release,

or on the compression curve after exhaust closure and before opening
of the poi*t for readmission.

Thus, referring to Fig. 130
,
OA = clearance volume, AV = piston

displacement, = weight of 1 cub. ft. of steam at pressure 5 . All

volumes are expressed in cubic feet. Then

—

{ 1 ) Weight of dry steam at h.

K
AV \

piston displacement x ) + clearance volume

(2) Weight of dry steam at c

=
I ^

piston displacement x ^y ^ + clearance volume
|

(3) Weight of dry steam at d

=
I ^

piston displacement x
^ + clearance volume j- Wa

In the same way, the weight of steam may be determined for any
other point on the expansion curve.

To find the Dry Steam Fraction at Cut-off.—The indicator diagram
accounts for all the steam present in the cylinder as steam, but it

gives no clue as to the amount of water present in the cylinder at

the same time, or as to the extent of the loss by leakage, unless we
have first some independent means of determining the weight of

steam supplied to the engine, as by weighing the feed-water, for

example, or by other methods to be afterwards described. Then, to

find the dry steam fraction the facts required are as follows :

—

( 1 ) Total weight of feed-water per hour -f- number of strokes per
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hour = actual weight of working fluid passing through cylinder per

stroke, called ‘‘ cylinder-feed.”

(2) Weight of steam per sti’oke (assumed dry) retained in the

cylinder as clearance steam is determined from compression curve

at hy the point h being chosen as near as possible to the actual

exhaust closure (Fig. 130).

(3) Total weight of steam in cylinder per stroke fifter cut-ofl* and

during expansion = cylinder-feed -j- clearance steam.

(4) Weight of dry steam at cut-off (determined from the indicator

diagram by measurement, as already explained).

(5) Dry steam fraction at cut-off = (dry steam measured from

indicator diagram) (cylinder-feed -f clearance steam).

In the same way the dry steam fraction may be determined by
measurement for any other portion of the expansion curve up to

point of release. These results may be shown graphically by the

following method :

—

To apply the Saturation Curve to an Indicator Diagram.^—This

curve represents the curve of expansion which would be obtained if

the whole of the steam and water passing through the engine per

stroke were present in the cylinder as dry saturated steam. It also

supposes no condensation during expansion. This is the ideal curve

which is aimed at when the steam jacket is used.

To draw the curv(i, set off', as before explained, the clearance line

and the zero lin<* of pressure, and draw a horizontal line through any

point c (Fig. 131) on the expansion curve of the diagram at cut-off

or beyond it
;
then ad is the clearance

volume, ab is the volume of the known
weight of steam in the cylinder during

expansion, supposing it all present as

dry saturated steam at pressure c, and
including the weight of steam enclosed

during compression, and the weight of

steam passing through the cylinder per

stroke. Also ac -r ah is the dry steam
fraction at c. The steam in the clear-

ance space at beginning of compression
is assumed to be dry saturated steam.

The dry steam fraction cmrve below
the indicator diagram (Fig. 131) is con-

structed for all points of the expansion curve from cut-off to release

by setting up from a horizontal line to any scale the ratio a'c'-f-

a'h' = ac ab. The fraction cb ~ ab represents the loss by conden-
sation and by leakage.

Application of the Indicator Diagram to the Temperature-Entropy
Chart. ^—The temperature-entropy chart is illustrated on Plate I;, and
consists, as already explained, of that portion of the temperature-
entropy diagram enclosed between the “ water-line ” and the ‘‘ dry-
steam line,” on the left and right respectively, the horizontals

* See also Boulvin’s method, p. 304.
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intersecting these lines being lines of temperature. The portion of the

chart used will depend, of course, upon the range of temperature
between which the particular engine works.

The object of placing the indicator diagram upon the chart is to

represent by an area the heat-units converted into work per pound of

steam expanding in the cylinder, independently of all considerations

as to size or power of the engine, and to show what the extent of the

losses are as comj)ared with a perfect engine working between the

same limits of temperatunj.

The temperature-entropy diagram drawn upon the chart differs

from the indicator diagram in giving, not the work done per stroke in

foot-pounds, but the work done per pound of steam in thermal units.

It is necessary first to know the weight of steam passing through
the engine per stroke, and the weight of steam enclosed in the

clearance space. Then the saturation curve can be applied to the

indicator diagram, as explained on p. 116.

If it is required only to compare the actual expajision line of the

indicator diagram with the adiabatic or saturated-stc^am lines of

the temperature-entroj)y diagram, then the method is similar to that

shown in Fig. 131, the value of ac ah being determined for a

number of points between cut-off and release. Then, knowing the

pressure and dry steam fraction for each point taken on the indicator

diagram, corresponding points, a*c' -7- aV, on th(^ same pressure lines

may be located at once upon the temperature-entropy ch^.rt (Fig. 133).

For this purpose no constant-volume lines are rec^uired to be used
;
but

when it is required to transfer points other than those on the expan-

sion curve, it is necessary to find the diagram factor of the indicator

diagram.

If the steam exj)anding in the cylinder, including the steam

enclosed at compression, weighs exactly 1 lb., the diagram factor

will be 1. If the actual weight ex])anding is either more or less

than 1 lb,, it is necessary to find the factor by which the actual weight

of steam must be multiplied, so that actual weight X diagram factor

= 1
;

or diagram factor = —
. w® actual weight

The diagram factor is used in order to express the ’changes of the

indicator diagram on the chart in terms of 1 lb. of steam.

If, now, any point d (Fig. 132) on the indicator-diagram be taken,

and the volume of the steam in the cylinder corresponding with that

point be determined, this volume multiplied by the diagram factor

gives the position of the point d as to volume on the chart (Fig.

133), and, its pressure being known, its position is completely

determined.

Example.—In Fig. 132 take any point c;then c' can be imme-
diately found on Fig. 133 by finding the line of pressure on the chart

corresponding with the pressure of c on the indicator-diagram, and
making the ratio dd -7- a!V = ac ah.



STEAM-ENGINE THEORY AND PRACTICE,118

To find any other point, as d\ not on the expansion line, find the
actual volume of the steam in the cylinder at d, and multiply this
volume by the diagram factor. This gives
the constant-volume line on which d! will ro

be found, and, the pressure of d being
known, the position of dl is completely
determined. Any other points may be
similarly found. A free curve is drawn
through the points thus found.

In the example chosen, the mean-ad-
mission line up to cut-ofi* has been sub-
stituted for the actual line. The mean- sso

200

Fig. 132 . Fig. 133 .

admission line and the back-pressure line are both taken back to the

water-line, and the compression curve is neglected.

If there were no losses whatever in steam-engine cylinders, the

diagrams of work done per pound of steam would fill the whole area

between the water-line on the left and the vertical adiabatic line on
the right (Fig. 134), and between the upper
horizontal line representing the pressure of

steam at the engine stop-valve, and the lower

horizontal line representing the pressure in

the exhaust pipe. The object is to fill up
as much as possible of the available area on
the chart.

It will be seen that (neglecting the effects

of compression) there are four conditions

which determine the gain or loss in the
thermal efficiency of the steam expanding in

the cylinder,

(1)

The nearness of the mean-admission
pressure line ah to that of the source from
which the steam is supplied.

(2) The proportion of dry steam present in the cylinder
;
in other

v/ords, the extent to which the dry-steam fraction line he of the
actual engine diagram, shown shaded, approaches the dry-steam line

of the chart, enlarging or otherwise the area of the shaded diagram
between the water-line and the dry-steam line.

(3) The number of expansions of the steam, or the extent to which
the pressure at end of expansion approaches the back pressure. Thus
(Fig. 134) the line cd represents fall of pressure during release, the
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fall taking place at nearly constant volume, and following very nearly

a constant-volume line of the chart.

When the terminal pressure of expansion is carried down to back

pressure, the expansion line he extends to / ;
but as the diffei’ence of

pressure between that at the end of the expansion and the back pres-

sure becomes greater, the further the release-corner line cil re^cedc's from

th(^ point /, the blunter the corner becomes, and the greater the loss

of area due to incomplete expansion. When the steam is admitb'd to

the end of the stroke, and the engine is worked without expansion,

the line cd recedes to the position shown by the dotted line 6m, where

hm is also a line of constant volume.

(4) The nearness of the back-pressure line to that representing

the pressure in the exhaust pipe.

Relative Effects of Cylinder Condensation and Number of Expan-

sions of Steam in a Single Cylinder.—If the indicator diagram from

an engine with an early (mt-off be drawn upon the temperature-

entropy chart, the diagram will have some
form similar to that shown by the shaded

area. If, now, the indicator diagram for a

later cut-off be transferred, it will have

some })osition extending further towards

the right to the dry-steam line, as shown
by the unshaded portion

;
and showing a

larger dry steam fraction, and a gain of

work done per pound of steam by increased

dryness of the steam. But with the earlier

cut-off there was a gain of area by increased

expansion, and these two areas—one due to

increased dryness, and th(* other due to

increased expansion—tend to neutralize each

other. For a limited number of exj)ansions,

the gain by increased expansion is the larger

gain, but beyond this the gain may become

to
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that

loss by condensation,

of exj)ansiojis in any

which gives the largest

6-(f)
DIAGRAM

CUB. FT PER LB OF STEAM.

Fig. 136. Fig. 137.

work area per pound of steam passing through the engine.

Usually, from three to five expansions in one cylinder give a
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steam passing

cylinder, and

maximum work area
; but the best number of expansions, considered

from this point of view, varies with diiferent types of engines, and
can only be determined by experiment.

To draw the Adiabatic Curve on the pv Diagram from the Temperature-

entropy Chart—From the point O (Fig. 136) draw rectangular axes OPj
and OV to any convenient scales. At Pj, Pg, P3 ,

etc., draw horizontal

lines P^a, Py&, etc., representing to scale the volumes—taken from the

Steam Tables—of 1 lb. of saturated steam at absolute pressures Pj, Pj,

etc., and join the points a, c,h by a free curve. Then acb represents

the curve of volumes for 1 lb. of saturated steam without condensation.

Divide the line P^c at e, so that P^e -f- P^c = T^Ci T^Cj on the temp(‘ra-

ture-entropy chart (Pig. 137), and so on for any number of divisions.

Then, by joining the points so found, we obtain the dotted lin/3 aed on
the diagram (Fig. 136), which is the adiabatic curve required.

Hirn’s Analysis.—This is a method of analyzing the action of the

through the

showing by
arenas the quantities of heat

interchanged betwc'en the

steam and cylinder walls.

This method, first ('niploycxl

by Him, has been develoi)ed

graphically l)y Prof. Dwel-

shauvers Dery, of Liege.

^

The portions of the stroke

are indicated • by subscript

letters coi'responding with

those on the diagram (Fig.

138); thus a for admission,

b for expansion, c for exhaust, d for compression. Then

—

= volume in cubic feet described by piston during admission.

V* = „ „ „ „ expansion.

V —
’ c

V —
’ rf
— »» >> »»

= volume in cubic feet of clearance space.

, V = whole volume displaced by piston.

Work done in Thermal Units,—The work done in

the steam during the several portions of the stroke

T with its appropriate subscript, thus :

T„ =r work done during admission = area ep^mlce in thermal units.

Tj = „ „ expansion = ,, Icmnsh „ „
T, = „ „ exhaust = „ hgpsh

T^ = „ „ compression = „ efghe „ „
T^ + Tft = absolute work done by steam = area ep^mnse.

(T^ + Tj) — (T^ +T^) = net area of indicator diagram.

Keat exchanged ,—The quantities of heat in thermal units exchanged

* Proa, Imt C.E.^ vol. xoviii. p. 254.

exhaust,

compression.

thermal units

is represented
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between the steam and the metal are represented by areas R„, etc.j

the areas being diuwii to the same scale as the work diagram.

R,, = heat exchanged between metal and steam during admission.

Rft = „ „ „ ,, expansion.

R,. = „ „ ,, „ exhaust.

R^ = „ ,, „ „ compression.

E =*heat lost by external radiation.

Q = the quantity of heat supplied to cylinder per stroke by ad-

mission steam.
Q' = the quantity of heat supplied from the jacket.

Q 4- Q' = total heat supplied.

WA^ht of Steam.—Let the weight of wet steam admitted to the

cylinder per stroke = M lbs., of which Mx is the weight of dry steam, and
M(1 — x) is the weight of water present in the steam. Then, neglecting

the ehects of leakage, the actual condition of the steam at any point in

the expansion curve is known, since the actual weight of steam passing

through the cylinder per stroke is known by a test of the engine.

Let also the weight of steam retained in the clearance space each

stroke = The actual weight of this steam may be measured,

knowing the pressure g at begiiming of compression, and assuming
the steam diy at this point.

Quantity of Heat.—The heat Q required to raise M lbs. of water

from 32° Fahr. to its temperature of admission, and to evaporate the

portion Mo;, is

—

Q = M{h + xL)

For superheated steam heated from normal temperature t,^ of

saturated steam to temperature t^

—

Q = M{/i + L + 0-48(^. - g!
Internal Heat of Steam,—The internal heat of the steam in the clear-

ance space at commencement of compression, assuming the steam dry

—

= + Pg)

where M^, and I’epresent weight, sensible heat, and internal

heat respect/ively of steam at pressure and volume at point g on the

diagram (Fig. 138).

The internal heat at cut-ofi‘== (M -f

where = dry steam fraction at point m on the diagram (Fig. 138).

The internal heat at end of expansion = (M -f M
And similarly for the several parts of the cycle.

Thermal Units interchanged between the Steam arid the Metal enclosing

the Steam in the Cylinder.— To find the heat R,, exchanged during

admission. The heat supplied is Q ;
the heat in the cylinder at

admission is -f- ;
the work done is T„

;
and the heat re-

maining in the steam at cut-ofl* is (M -f Then

—

Q -f M/fey + Xjp^ = T„ -f Ra + (M -f (0

from which R« may be obtained.
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If the steam is superheated at cut-off, this equation will be modi-

fied by corrected values for the heat supplied, and the heat contained

in the steam at cut-off, as explained above, and in the chapter on

superheating. The temperature of superheated steam at cut-off

may be determined by its increased volume over that of the same
weight of saturated steam at the same pressure, it being assumed
that superheated steam behaves as a gas, and that its increase of abso-

lute temperature is proportional to its increase of volume.

2; To find R,,, the heat exchanged during ex].)ansion. The heat

in the steam at the end of expansion is (M -f- -f- ;
the

external work is T^
;
the heat present at beginning of expansion is

(M + ;
then—

(M + = T, + K, + (M + (2)

from which R^ may be obtained.

3. To find R,., the heat rej(icted by the cylinder walls to the

steam during exhaust. The heat in the steam at the end of ex-

pansion is (M -f- ;
the work done up(m the steam

during exhaust is Tc ;
the heat in the steam at beginning of com-

pression, assuming the steam of compression dry, is + x,p^.

The heat rejected to condenser in exhaust steam is im^asun'd by

a test of the engine, and by actually weighiiig the steam condensed

in a surface condenser in a given time, and then dividing the amount
weighed by the number of strokes made by the engine in that time.

This gives the weight of steam (M) exhausted per stroke. Then INI

lbs. of steam become water at temperature /. The heat in this

condensed steam is now The heat carried away by the con-

densing water ei^uals the weight of condensing water (W) per stroke

multiplied by its increases of temperature in passing through the

condenser = — t,). Then—

-

(M -f + x„p„ ) -f-Tc= Rc+ + W( — f.j) -f + x,pg) (3)

from which R,. may be obtained.

4. To find the heat, R^, exchanged between the walls and the steam

during compression.

The internal heat in the steam at beginning of compression is

Then work is done upon it = T^ during compression
;

and the internal heat of the steam at end of compression is +
)
then ^

• • • (^)

from which R^^ may be obtained.

Ora])hic Representation of the Quantities of Heat exchanged. Scale of

the Diagram.—The quantities of heat employed in the performance

of work may be measured directly from the indicator diagram.

The volume described ])y the piston is represented by the length

of the indicator diagram. From this a scale of cubic feet of piston

displacement may be made upon the diagram.

The vertical scale of pressures on the indicator diagram represents

pressures per square inch; but it may be converted into a scale of
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pressure in pounds per square foot by multiplying the scale by 144,

or by dividing the unit of the inch-pressure scale by 144 to represent

a pressure of 1 lb. per square foot. Then an area having P, or the

unit of pressure per square foot for height, and V, or the unit of

volume in cubic feet for length, = 1 foot-lb. of work. This area

multiplied by 778 represents a thermal unit on the diagram, and is

the unit chosen for representing also the heat-exchanges. During
admission, if is the pressure per square foot, and the volume
displaced by the piston up to point of cut-off = ob (Fig. 139), then

ik done = P^V., foot-lbs. = thermal units = T„. Hence-

P - 778T„
^a — Ŷ

a

The area measured from the zero lines of pressure and volume,

represents to the scale of' the diagram the heat expended in the

cylinder in doing the work of admission = area oefs.

Hcat-exchange Areas ,—Having obtained by equation (1), a rect-

angle is drawn on the same base = oa, and at height = oe, so that

—

778R,
~ Y’ a

Then the rectangle at a height above os represents, to the same
scale as the indicator diagram of work, the heat given by the steam
to the cylindej* walls.

Similarly for the other parts of the stroke, the rectangles can be
drawn representing R^, R^, and R^ respectively

:

778R' 778R, 778R,

V,
'

^ V,,

These I’ectangles represent the mean result of the heat-exchanges

during the several portions of the stroke.

Distinction between Positive and Negative Quantities of Heat.

—

In the forward stroke during admission, the heat transferred from

steam to metal is considered positive,

and the rectangle R^ representing the ^

heat quantity is drawn above the

zero line on the base os (Fig. 139).

For the heat-exchange during the ex-

pansion part of the stroke, the heat

passes conversely from the metal to

the steam
;

the interchange is con-
^

sidered negative, and the rectangle

Rft is drawn below the zero line on the

base st down to r^.

For the backward stroke, the op-

posite positions are adopted for the

positions of the rectangles, namely. Fig. 139 .

above the zero line for negative ex-

change—that is, from metal to steam ;
and below the zero line
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for positive exchange—that is, from steam to metal. Hence the

exhaust rectangle 11^. is drawn above the zero line on the base

and the compression rectangle is drawn below the zero line on
the base om. The positive and negative quantities are further

distinguished by the direction of the cross-hatching on the rectangles.

The sum of the rectangles R,, + R^ — R,, = Ry = the net heat-ex-

change while the steam is enclosed in the (cylinder
; and rectangle

R^ = area oknt may be constructed on the base ot. The area Ry =
rectangle R^., the heat rejected to exhaust, if there were no loss by
external radiation, E

;
but since there is always some loss E in

practice, then

—

= Rc "h E
from which E may be obtained. In Fig. 139 the difference between
the areas of the rectangles oJcnt and the rectangle R^., expressed as

thermal units, represents the loss E.

If the cylinder is steam-jacketed, the water of condensation from
the jacket is weighed separately, and tlie weight of water collected

from the jacket per hour divided by the number of strokes of the

engine per hour gives the weight (M^) of steam condensed in the

jacket per stroke. Then the heat-units (Q').per stroke given up by
the jacket

—

Q' = M, X L
where L = the latent heat of steam at the pressure in the jacket.

If R^ = heat rejected to condenser during exhaust, T = work done
by steam, then

—

Q + Q' = T + R, + E
or, in words, the total heat suppliec^ including the jacket heat, is

equal to the heat expended on work done, plus the heat rejected to

condenser, plus the heat lost by external radiation.



CHAPTER VIL

COMPOUND ENGINES.

Various methods have been adopted to increase the eflSciency of the

steam in the cylinder, including—
1. Compounding the cylinders.

2. Steam-jacketing.

3. Superheating.

4. Increased rotational speeds.

And these methods will now be described in the above order.

CoMrouND Engines.

It will be clear, after studying the temperature-entropy chart, that

the propoi-tion of useful work to be obtained per pound of steam will

increase as the initial pressure increases, providing advantage is taken
of the possibility of working the steam expansively so as to recover a

portion of its internal energy, and providing also that initial con-

densation and all oth(^r condensation can be reduced.

Pressures are gradually increasing; large ranges of expansion are

being obtained by means of the multi-cylinder engine
;

reduced

losses by condensation are being secured by compounding, steam-

jacketing, superheating, and increased rotational speeds.

Referring to the compound engine and the reasons for its adoption,

there are three important objections to working steam at high pres-

sures and larg(' (expansion in one cylinder, and these objections become
more serious as the pri'ssure and number of expansions increase.

1. The volume of the cylinder must be sufiBcient to provide for the

required expansion of the steam, but it must also be sufficiently

strong to carry the maximum pressures. Similarly, also, the working
parts require to be sufficiently large and strong to transmit the

maximum stresses
;
and since the maximum pressures and stresses

are greatly in excess of the mean when the number of expansions in

one cylinder is large, the engine becomes excessively heavy and costly

compared with the power exerted.

2. The loss by initial condensation increases rapidly as the number
of expansions in one cylinder increases.

3. The turning effort on the crank-pin becomes excessively variable.

By the introduction of the compound engine, the range of stress on

the working parts, the loss by initial condensation, and the irregu-

larity of the turning effort , are much reduced, as compared with a
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single-cylinder engine woi^king with the same initial pressure and
number of expansions. Hence, for smoothness of working, with a
wide range of pressures, and for economy of fuel, the compound
engine was an important advance' on the simple engine.

The improvement in the distribution of the stresses, and of the

turning effort effected by compounding the cylinders, is dealt with

later. The reduction of the loss by initial condensation in com-
pound €fngines as compared with single-cylinder engines working
through the same range of pressures may be accounted for as follows :

—

1. Because the heat transferred from the steam to the metal
depends upon the difference of temperature between the initial steam
and the metal with which it is in contact

;
but in a compound engine

the only cylinder coming into contact with condenser pressures and
temperatures is the low-pressure cylinder, and the further removed
from the low-pressure cylinder, the higher the temper-ature of the

walls of the preceding cylinders. This corresponds also with the
temperature of the steam passing through the engine, the hot steam
meeting the hot walls, and the cooler steam the cooler walls

;
^ hence

the difference of temperature between the steam and the walls in

(jontact with it being reduced, the condensation is reduced also.

2. Because initial condensation in the successive cylinders of a

compound engine is not cumulative, but is approximately that due to

one cylinder only. The water due to initial condensation in each

cylinder is usually re-evaporated during the exhaust stroke in that

cylinder, and leaves the cylinder as steam, to provide for the needs

of the succeeding cylinder, and so on.

Methods of Compounding.—The essential feature of compounding

is to exhaust the steam from one cylinder into a second cylinder of

larger volume, where the steam may do further work by continued

expansion. This may be repeated through three or four or more
successive cylinders.

Engines may be compounded by exhausting from a high-pressure

cylinder into a low-pressure cylinder of one or other of the following

types

1. A cylinder of larger diameter but the same stroke, which is the

hsual arrangement.

2. A cylinder of the same diameter but longer stroke.

3. A cylinder haviitg the same dimensions as the high-pressure

cylinder, but with its piston making a larger number of reciprocations

or strokes per minute, the engines working on independent cranks.

4. Any combination of these methods.

In all cases the work done in a cylinder, or between the pistons

of a compound engine, or in any combination whatever of cylinders

and pistons = V2 — where is the mean pressure, and
— Y,) the increase of volume while the steam is enclosed, and

independently of the way in which the increase of volume is obtained.

Double-expansion compound engines may be divided into two

’ The high-pr€88ure cylinder might be called with equal correctnegs the high*

temperature cylinder, and the lovf~pre88ure cylinder the low^temperature cylinder.



COMPOUND ENGINES. 127

main classes: (1) the Woolf type, in which the pistons of each

cylinder commence the strokes simultaneously, as in tandem engines

(Fig. 140), or those with cranks at 0° or

From SoiUf

I

i

/

I

i

/

Fig. 110.

IHO'^ apart; (2) the Receiver type, in which
the cranks are set at an angh' other than
0° or 180° with each other, and in whicli

the steam exhausted from the first cylinder

is passed into a chamber called the re-

ceiver, between the two cylinders, where it

Fig. 141.

is retained till the second cylinder is ready to receive it.

In practice it is usually found unnecessary to have a separate special

chamber for a receiver, as the exhaust pip(' of the high-pressure cylinder

and the valve chest of the low-pressure afford sufficient capacity for the

purpose.

Number of Cylinders.—Having determined the terminal pressure

desired at the end of the expansion, and the number of expansions

or point of cut-off in each cylinder, then the number of cylinders will

depend upon the range of pressure, and will increase as the initial

pressure increases. Thus for condensing engines the terminal pres-

sure may be 10 lbs. absolute', and for non-condensing engines 20 lbs.

absolute, and the number of expansions in each cylinder, say, three.

Then for the condensing engine (Fig. 142), if the ratio of the cylinder

volumes is 1:3, and there were no losses, the pressure at cut-off in

the low-pressure cylinder is approximately 30 lbs. If now the high-

pressure cylinder at end of stroke contains the same volume of steam
as the low-pressure cylinder at cut-off, then the pressure at end of
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stroke in the high-pressure cylinder is 30 lbs., and again cutting off at

A of the stroke, the initial pressure in the high-pressure cylinder is 90

lbs. absolute. t

For boiler pressures of 150 to 180 lbs. and condensing engines, the

steam is expanded in three cylinders successively, which arrangement

is known as the triple-expansion engine.

At boiler pressures of 200 lbs. and upwards quadruple-expansion

engines are us(h1.

Equal Distribution of the Work and Initial Stresses between the

Cylinders.—In the example just chosen of a two-c.ylind(T, or double-

expansion compound, with tlie volume of tlu' high-pressure cylinder

equal to the volume of the low-pressure cylinden^ up to cut-off, the

curve of expansion is continuous, as showji in Fig. 142, and there is

no loss by compounding witli such an arrangement, as tJie work done

is the same theoretically as would be done in a single cylinder of the

same dimensions as the low-pressure cylinder.

But from Fig. 143 it will be seen that it is possible to secure this

with any number of different ratios between tlie cylinders
;

thus, if

OV3 = volume of low-pn\ssure cylinder, then if ah be drawn as

shown, Oa may be taken as the back pressure on the high-pressure

cylinder and the forward pressure on the low-pressure cylinder

;

OVj = volume of the high-pres.sure cylinder; peha is the work
diagram for the high-pressure cylinder, and ahfv.f) is the work
diagram of the low-pressure cylinder; h is the point of cut-off in

the low-pressure cylinder
;
and is the ratio between the cylinder

volumes.

Again, if cd had been drawn instead of then Oc is the pressure

between the cylinders
;
pedc and cdfY.^0 are the respective work

diagrams
;
d is the point of cut-off in the low-pressure cylinder

;
and

OV
is the ratio between the cylinders.

Hence the ratios between the cylinders may be wididy different.
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In fixing the ratio for any given case, the ratio is so chosen
that the effective work areas of the respective cylinders and the

initial stresses on the respective pistons are as nearly as possible

equal.

Taking the case illustrated in Fig. 144, where = 100, with
8 expansions

;
ratio of cylinder volumes 1:2; back pressure 4 lbs.

absolute. Comparing the work done in the two cylinders and the

initial stresses on the pistons, we have

—

Mean effective pressure in the high-pressure cylinder

—

1 -4- log^ r

P.n = Pi— ^ p,

^ 1 4- 1*386 ^= 100-^^^--, - 25
4

= 34*65

Mean effective pressure T„, in the low-pressure cylinder

—

r. = 25'+^-4

Multiplying and Vy and and v.,, we have

—

(34*65 X 1 = 34*65) and (17-16 x 2 = 34 32)

that is, the work done in the two cylinders is practically equal.

Comparing now the initial stresses on the respective pistons, we
have—since these stresses are in the ratio of the net initial pressures

multiplied by the relative areas of the pistons

—

(100 - 25)1 : (25 - 4)2 : : 75 : 42, or as 1*8 to 1

In other words, the initial stress on the high-pressure piston is

much in excess of that on the low—that is, the area of the high-

Fig. 144. Fig. 145.

an equal distribution of the work with a continuous expansion

line, the high-pressure cylinder is too large to maintain equality

of initial stresses on the pistons
;
and at the loss of some efficiency,

it is necessary in practice to reduce the dimensions of the high-

pressure cylinder.

This may be done by retaining the cutoff at point b (Fig, 145) in

the low-pressure cylinder, and reducing the high-pressure cylinder

K
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volume from ah to ac' This arrangement will cause a fall or drop”

of pressure at the end of the stroke in the high-pressure cylinder from

d to the receiver pressure c, and a consequent loss by “ drop ” of the

triangular area dc6. Here the initial stress on the low-pressure piston

is unchanged, while the stress on the high-pressure piston is reduced

in the proportion of ac -r cib. By a certain amount of compromise,

it will be possible in this way to approximately equalize both the

work done and the initial stresses in the cylinders.

The same principles apply to the design of any number of succes-

sive cylinders.

Features of the Compound Engine.— l. Effect of varying the Cut-off

in the High-pressure cylinder on the Distribution of Power. Suppose the

cylinder ratios to be 1 : 2 ;
the cut-off in the low-pressure cylinder to

1^ constant at 0*5, and to enclose a volume at cut-off equal to the

whole volume of the high-pressure cylinder. Then the effect on the

distribution of power between the cylinders may be shown by the use

of the diagram (Fig. 146), which assumes hyperbolic expansion. In
practice this diagram is subject to

many, and in some respects con-

siderable, modihcation, but for obtain-

ing a general idea of the v.arious

etiects occurring in compound engines,

whether for double, triple, or quad-
ruple expansion, it is very helpful.

With a cut-off at 0*25 of the stroke

in the high-pressure cylinder, and at

an initial pressure pi, the steam ex-

pands in this cylinder along ab to a
terminal pressure py = X 0*25, neg-

lecting clearance. This is also the
pressure in the receiver. Then the
work diagram of the high-pressure

cylinder is given by the area Pxabp^, and of the low-pressure cylinder
by the area p^befo.

With a cut-off at 0*5 of the stroke in the high-pressure cylinder,
approximately twice the weight of steam is supplied per stroke

; the
steam is exhausted from the high-pressure cylinder into the receiver
at some higher back pres^sure p,^, acting as back pressure on the small
piston and as forward pressure on the large piston, and the work
diagrams are given by the areas p^gnp, and p^nhfo for the small and
large cylinders respectively.

There is here, with a late cut-off‘, a large increase of work done
in the low-pressure cylinder, while the work done in the high-
pressure cylinder is nearly the same with a late as with an early
cut-off.

The same point is illustrated by Figs. 147 and 148. These show
that—when the power is regulated by the cut-off— as the cut-off in
the high-pressure cylinder is made later, the total power of the
engine is increased, and the larger share of the increased power is



COMPOUND ENGINES. 131

taken in the low-pressure cylinder
;
with an early cut-ofF and at low

powers, the larger share of the work is done in the high-pressure

cylinder, and as this power is reduced to

a minimum, the power in the low-pressure

cylinder may be reduced to zero (Fig. 147).

In non-condensing compounds, at light

loads, if by extended expansion, the mean
absolute forward pressure of the steam in

the low-pressure cylinder falls below that

necessary to overcome the resistances due
to back pressure, and the friction of the

irioving parts of the low-pressure engine,

then the low-pressure cylinder is worse
than useless, and it may, in fact, become
the cause of a serious loss of efficiency.

Hence non-condensing compound en-

gines are most suitable where the load is

fairly constant, and they should not be
worked with a terminal pressure on the Fig. H7.

low-pressure cylinder below about 20 lbs.

absolute. If expanded below atmospheric pressure, the low-pressure

diagram will show a negative-work loop (see Fig. 150).

2. Effect of throttling the Steam-supply on the Distribution of the Power
between the Cylinders. — Considering ratios of cylinders 1 : 2 as before,

without drop and the cut-ofF in both cylinders constant at half-stroke.

Then (Fig. 146) if the initial steam pressure be^j, the terminal pres-

sure in the high-pressure cylinder will be p^ 2 ;
this also will be

the pressure in the receiver, and the terminal pressure in the low-

pressure cylinder will be -f- 4. The work areas in the high and
low-pressure cylinders are pignp2 and p.^nhfo respectively.

If, now, the steam-supply be throttled down to p,^ lbs. = ^pi, then
the effect on the distribution of power between the cylinders is seen

;

thus, area p^sbp^ for the high-pressure, and pjbefo for the low-pressure

cylinder. At high powers the distribution is the same as in Case (1)

with a late cut-off (0*5), but at low powers and with the steam-supply

throttled, the work done in the high-pressure cylinder is now much
reduced, while the work done in the low-pressure cylinder remains

the same as in Case (1) with cut-off at 0*25. This shows a less

satisfactory distribution of the power between the cylinders than
if the power had been reduced by an earlier cut-off instead of by
throttling. It also shows that, theoretically, throttling to a pressure

jPa is less economical than altering the cut-off* from 0-5 to 0*25 with
constant initial pressure, for in both cases the same weight of steam
is exhausted per stroke, namely, the low-pressure cylinder volume
at pressure /c, though, with throttling, the useful work area is reduced
by the area pittsp^. The theoretical gain would not, however, be fully

realized in practice, owing to greater loss by cylinder condensation

with an early cut-off.

A similar result is seen by diagrams Figs. 149 and .-ISO, which
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Condensing,

Fig. 151
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show the effect of throttling. Fig. 149 is for a condensing engine,
and Fig. 150 for a non-condensing engine. The dotted shaded areas
show the work areas when the initial pressure has been reduced by
throttling the steam-supply to the high-pressure cylinder. The full-

line figures show the effect on the distribution of the power before the
initial pressure was reduced by throttling.

CUT-orriNBOTH CYLINDERS *5

Fig, 152. Fig. ]53.

Fig. 1 52 shows the effect on the distribution of the power between
the cylinders, of throttling the initial steam between the ranges of

100 and 40 lbs. pressure. Vertical measurements above and below
the pressure line give the work done in the high and low-pressure

cylinders respectively. The effect of adding a condenser is also

shown.

3. Effect of a Variahle Cut-off in

frihution of the Power between the

Cylinders.—Unequal distribution

of the power can be remedied to

some extent by regulating the point

of cut-off in the low-pressure cylin-

der. Thus, suppose the cylinder

ratios = 1 : 4, and cut-off in each

cylinder at half-stroke, and let

pficdp^i (Fig. 153) be the work area

for the high-pressure, and p>ffga
the work area for the low-pressure

cylinder. If now the cut-off in

the low-pressure cylinder be

changed from 0*5 to 0-25 of the

stroke, then the work areas will

be changed, the high-pressure dia-

gram being reduced to the area

Pihcp.^j and the low-pressure dia-

gram being increased to the area

Low-pressure Cylinder on the Dis-

Fig. 154.

ra. Conversely, if the cut-off
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in the low-pressure is made later, the receiver-pressure line will fall,

the high-pressure area will be thereby increased and the low-pressure

decreased. Hence, to throw a larger share of the total work into the

low-pressure cylinder, make the cut-off in that cylinder earlier, and
vice versa. This is also illustrated in Pigs. 151 and 154. An adjust-

able cut-off for the low-pressure cylinders of marine engines is shown
in Fig. 81.

Fig. 155 shows indicator diagrams of one set of engines of H.M.S.
Powerful, a twin-screw cruiser,^ The full-lined diagrams represent

the power-distribution between the cylinders when the engines exerted

13,000 and the dotted-lined diagrams the power-distribution

at 2500 I.H.P.

Fio. 155.

Boiler pressure (lbs.)

At full power.

205-0
At low power.

190-0

Vacuum (ins.) 20-25 26-75

Revolutions llO’Or) 69-18

^H.P. 4287-48 981-38

I.H.P.
IP. 4233-15 729-27

F.P. 2203-51 426-03

A.L. 2237-79 426-03

I’otal . .

.

... 13,02 1-93 ... 2562-71

The engines are four-cylinder, triple-expansion engines, having
one high-pressure cylinder, one intermediate cylinder, and two low-

pressure cylinders, namely, the “ forward ” and the ‘‘ after ” low-

pressure cylinder respectively. By using two low-pressure cylinders

instead of one, the necessary volume is obtained without, an excessively

large cylinder diameter. ^

4. Receiver Volume .—If the volume of the receiver or chamber
between the cylinders of compound engines (including the exhaust
chamber and exhaust pipe of the first cylinder, and the valve chest

of the second cylinder) were indefinitely large, then the back-pressure

line of the small cylinder and the forward-pressure line of the large

cylinder would each be a horizontal straight line, as shown in the
approximate diagrams (Pigs. 142, 144).

In practice the receiver volume is from one and a half to several

* Reduced from diagrams given in a paper by Sir A. J. Durston before the
Institution of Naval Architects, April, 1897.
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times the volume of the high-pressure cylinder
;
and the effect of

the restricted volume of the receiver is to make the back-pressure

line of the high and the admission line of the low-pressure diagram
somewhat irregular.

The theoretical form of these portions of the diagrams is seen in

Fig. 160, which represents the pressures in the receiver, assuming pv
constant.

The receiver volume is usually made as small as possible to avoid

loss of heat by radiation, but the necessities of the design determine
the volume. Other things being equal, the effect on the power-dis-

tribution, of a small receiver, is to increase somewhat the back pressure

against the high-pressure piston, and increase the ^initial pressure on
the low. Increasing the volume of the receiver, therefore, increases

to a small extent the area of the high-pressure diagram, and decreases

the area of the low.

5.

An increase of pressure sometimes occurs in the low-pressure

cylinder towards the point of cut-off, shown in practice as a more or

less sudden increase of pressure during admission on the low-pressure

diagram, especially when the engine is running slowly. This is due
to the high-pressure cylinder exhaust passing into the receiver before

cut-off has taken place in the low.

Practical Modifications.—In discussing first principles of the com-
pound engine simple approximate diagrams were used merely to

illustrate the principles, but in practice numerous corrections of

these assumed conditions have to be made, as will be seen by com-
paring diagrams Fig. 1 55 with the figures previously considered.

The losses in practice may be summarized as follows :

—

1. The loss of pressure between the pressure in the boiler and the

initial pressure on the piston
;
the amount of the loss varies with

the speed of the engine, its distance from the boiler, the design of

the steam-passages and valve gear.

2. The loss due to wiredrawing during admission of the steam
to the h.p. cylinder. This causes the mean admission pressure

between the beginning of the stroke and the point of cut-off to be

less than the initial pressure.

3. The loss due to “ drop ’’ of pressure between the end of expansion

in the high-pressure cylinder ami the initial pressure in the low.

4. The loss of pressure between the back pressure of one cylinder

and the forward pressure of the succeeding cylinder.

5. The loss due to early opening of exhaust. This is generally

very small.

6. The loss due to back pressure on the low-pressure cylinder.

This may be considerable
;
thus, if the h.p. and l.p. piston ratios are

1:7, then 1 lb. additional back pressure due to defective vacuum in

the condenser will be equivalent to a loss of 7 lbs. mean pressure on

the h.p. piston.

7. In unjacketed cylinders, the gradual reduction of the weight of

steam present as steam as the expansion proceeds by transmutation

of heat into work.



STEAM-ENGINE THEORY AND PRACTICE.156

For double-expansion engines, with a given fixed terminal pressure,

usually 10 lbs., the number of expansions falls in practice to about

85 per cent., and in triple-expansion engines to 70 per cent., of that

given by initial pressure -f- terminal pressure.

The diagram factor is the ratio of the actual mean effective pressure

of an engine, referred to the low-pressure cylinder, to the theoretical

mean effective pressure obtained with the same number of expansions,

and supposing the only losses to be the back pressure of 3 lbs. for

condensing engines and 16 lbs. for non-condensing engines. The
theoretical expansion curve may be assumed either adiabatic or

hyperbolic
;
for simplicity it is usually assumed hyperbolic, and the

diagram factor is found accordingly. Thus

—

. actual mean pressure
Diagram factor — —^ =r = K

theoretical mean pressure

. ^ , LH.P. X 33,000
Actual mean pressure =

referred to low-pressure cylinder, where A = area of low-pressure

cylinder, and LN = piston speed in feet per minute.

mi . • 1 1 + logf ^
iheoretical mean pressure = p,^ = p^

—
where R = (volume of piston displacement of l.p. cylinder plus

clearance) -r- (volume of steam at cut-off in h.p. cylinder).

Diagram Factors for Compound Engines.

High speed, short stroke, unjacketed
Slower rotational speeds „

„ „ jacketed
Corliss valve gear jacketed
Triple-expansion marine engines (Seaton)

... 60 to 80 per cent.

... 70 „ 85 „
... 85 „ 90
... 90
... 60 „ 66

Mean Effective Pressure referred to Low-pressure Piston.— In
multiple expansion engines it is convenient for many purposes to express
the sum of the mean effective pressures on the various pistons in terms
of an equivalent mean pressure reduced to a common scale of piston

area, and for this purpose the low-pressure piston area is chosen as the
standard. The sum of the equivalent pressures is then spoken of as
the total mean effective pressure ‘‘referred to the low-pressure piston.’^

Thus, in the case of a triple-expansion engine having piston areas in

the proportion 1 : 2*7 : 7, and mean effective pressures in the proportions

91, 33*8, and 13 respectively
;
reducing these to the common scale of

the low-pressure piston area, we have :

—

M.E.P. in hlgli-pressnre

cylinder referred to

low-pressure cylinder.

M.E.P. in inter-
cylinder referred to

low-pressure cylinder.

1

M.E r in low-pressure
cylinder.

f

Total M.E.P. referred
to low-pressure cylinder.

91 X I

2*7
33 -8 X 13

13

1

13

1

39
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To find the Sizes of the Cylinders for a Compound Engine of given
Power.—It is usual first to determine the diameter of the low-pressure
piston by considering that its capacity will be the same as would be the
case if the total work of the engine is to be done in that cylinder alone.
For whatevei- the number of cylinders which precede the low-pressure
cylinder, this cylinder must itself be large enough to contain each
stroke the volume and weight of steam necessary to develop the
specified power with a given terminal pressure. In other words, the
total steam used by a compound engine is the steam exhausted from
the low-pressure cylinder.

The final volume and weight of steam used are the same, whether
the expansions all occurred in the low-pressure cylinder by having an
early cut-off in that cylinder, or whether they occurred in a series of
preceding cylinders exhausting finally to the low-pressure cylinder and
expanding there to the same terminal pressure.

The area (A) of the low-pressure piston for a given total power of

the combined cylinders, and with a given stroke, is determined from
the formula

—

^ X A) X (L^X N)
33000

== total I.H.P.

where P = mean effective pressure referred to low-pressure piston

= 40 to 45 lbs. per sq. in. at maximum load
;
or

= 30 to 35 lbs. per sq. in. at most economical steam con-

sumption.

The higher values of P are taken at the higher boiler-pressures.

Example.—Find the diameter of the low-pressure cylinder of a

compound vertical engine for a maximum load of 400 I.H.P. ;
stroke

18 ins.; revolutions per minute, 155 ; mean eftective pressure referred

to low-pressure piston = 40 lbs. per sq. in.

_ I.H.P. X 33000 _ 400 x 33000

P X L X N 40 X P5 X 155 x 2

= 709*6 sq. ins.

= 30 ins. diameter.

To find the Diameter of the Hi(jh-prc88urc Cylinder.—Having deter-

mined the' dimensions of the low-pressure cylinder, the diameter

of the high-pressure cylinder will depend upon a number of con-

ditions, but the chief object usually is to provide that the power of

the engine shall be divided equally between the cylinders, and that

the maximum stresses on the piston shall be as nearly as possible

equal. So far as the power of the engine is concerned, provided the

low-pressure cylinder is correctly designed, the total power will be

on the whole independent of the ratio of the cylinders, though the

smooth and economical working of the engine may be much influ-

enced by it. The following tables give the proportions usually

adopted. Then, allowing a ratio of 3J^ to 1 from the table, area

of high-pressure piston = 706*5 -r- 3*5 = 201*86 sq. ins. = 16 ins.

diameter.
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Double-expansion Compound Engines.

Condensing.

Boiler pressure lbs. 80

1

90 100 120

Katio of L.P. to H.P. voliinioji ... 8 31 4

Non-condensing.

Boiler pressure lbs. 90-100 120

Ratio of L.P. to H.P. volumes ... 2i

Locomotive Compounds (Von Bobbies).

Ratio of L.P. to

H.P. vols.

Large locomotives with tenders 2 to 2 05
Tank locomotives

j

2]5to2-2

Tbiple-exi^aksion Engines (Horizontal).

Boiler-prcsssure.
j

H.P. vul. I.P. vol. L.P. vol.

140 1 tii

lOO 1 7

180 1

1

Marine engineers adopt the ratio for cylinder diameters of triple-

expansion engines of about 3, 5, and 8 respectively. Then the areas

of the successive pistons are to one

another as 3*^
:

5-^
: = 1 : 2*78 :

7*11. The diagram (Fig. 157) illus-

trates the way in which the ratios

between the cylinder diameters in-

crease as the initial pressures in-

crease, for triple-expansion condens-

ing engines, the respective cylinder

diameters being measured hori-

zontally, from zero for each cylinder

on the horizontal line drawn through

the required boiler pressure.

Effects of Various Portions of

Work Area on Condensation in

Multiple - Expansion Engines.— Con-

sider the case of a triple-expansion

400

J300

'200

100

RATIO OF CYLINDERS. (DiAP)

T
Zj

0

/

a:

/
i ^

I 2 3

Flq. 157.
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engine having high-pressure, intermediate, and low-pressure cylinders.

Then, referring to Fig. 158

—

1.

Work done upon high-pressure piston up to cut-ofF =
-f- ^3. This work is done by the external latent heat of the steam

provided at the boiler, and is not
followed by condensation due to the

work done.

2. Work done in high-pressure

cylinder after cut-off = -f 6^ -f 63.

Heat-units converted into work =
(area -f 6^ + 63) ~ 778. This loss

of heat, due to work done, is fol-

lowed by equivalent condensation,

and the steam is made permanently
wet to this extent throughout.

3. Work done against high-pres-

sure piston = (a2 + h.^ + =
work done upon intermediate-pres-

sure piston up to cut-off. Net work
done by steam = 0. No condensa-

tion due to work done.

4. Work done by steam during expansion in I.P. cylinder =
Heat-units converted into work = (area -f c*^) -7- 778. This is fol-

lowed by an equivalent condensation of steam, increasing permanent
wetness.

5. Work done against I.P. piston = work done upon L.P. piston

= (a^ + + C2). Net work done by steam = 0. No condensation.

6. Work done by steam during expansion in L.P. cylinder = C3.

Heat-units converted into work = (area c.s)-^ 778, with equivalent

condensation, producing permanent wetness.

Diagram of Relative Piston Displacement in Compound Engines.
—Having given the ratios of cylinders and clearance and receiver

volumes for a given compound engine, it is possible to follow the

steam through the engine, and to construct diagrams representing the

nature of the changes of volume and pressure between the points of

ejitering and leaving the cylinder.

In Fig. 159, horizontal lines are lines of volume, and veroical lines

are subdivided into portions of a revolution. Thus, starting at a on
the top line, let aO = volume of high-pressure clearance (c^)

;

05
= volume of high-pressure piston displacement

;
ah = volume of

receiver (R)
;

t5' = volume of low-pressure clearance (c,)
;
and 5'0' =

volume of low-pressure piston displacement.

On the lines 05 and 0'5' draw semicircles representing a half-

revolution of the crank-pin, and divide it into any number of equal

parts—say five, as shown. On the vertical line to the left of the

figure set off ten equal spaces representing parts of a revolution.

The diagram is completed for one and a half revolution. The cranks

being supposed at right angles, when the h.p. piston is at beginning

of stroke O the l.p. piston is at half-stroke K. A curve is now drawn
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for each cylinder, called the “ curve of piston displacement,” through

the points of intersection of the horizontals from the divisions on
the line of revolution, and of the verticals from the corresponding

ADMISSION
TO HP. CYL"

EXPANSION
IN H.P. CYL*

EXHAUST TO I

RECEIVER
I

COMPRESSION J
IN HP.CYU* \

Frc. 159.

ADMISSION TO

L P CYLINDER

EXPANSION

IN LR CYL*

numbers on the crank-pin circles. This curve gives, by horizontal
measurements to it, as shown by the shade lines, the volume of

steam in the h.p. cylinder, including clearance for any position of
the piston, before exhaust. After exhaust, it gives the volume of

the steam on the exhaust side of the piston, and including the
receiver volume

;
and finally, when both cylinders are in communica-

tion, the horizontal distance between the lines gives the volume of
the steam for any relative position of the pistons, the displacement
curves having been diawn so that the cranks have the required
relative position with one another. In the case chosen, when the
high-pressure piston is at the end of the stroke, as at O, the low-
pressure piston is at half-stroke, as at K.
We may now follow the varying volume of the steam in its passage

through the compound engine. First, the high-pressure clearance aO
is filled with steam at initial pressure, and the steam is continued to
point of cut-off at half-stroke in high-pressure cylinder, and volume
in cylinder = dr. The steam is then expanded till nearly the end of

the stroke, when the exhaust port opens, and at/ the steam passes
into the receiver. The exhaust side of the high-pressure piston and
the receiver are in communication, as shown by the ruled lines, until

the low-pressure steam port opens at h. Here the volume of the
steam = gli. At m the high-pressure exhaust port is closed, and
compression begins. At half-stroke of the low-pressure piston,

namely at r, cut-off takes place, and the steam finally expands to

volume sL
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The application of the diagram (Fig. 159) to the consideration of

the indicator diagrams of compound engines is shown in Fig. 160.

This figure shows, as before, the piston-displacement curves for

N0lini0A3a 3N0

cranks at right angles, the theoretical indicator diagram of the high-

pressure cylinder being drawn below the high-pressure piston curve,

and the low-pressure indicator diagram below the low-pressure curve.
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The initial pressure, being known, is set up from the zero line of

pressure. In the diagram, cut- off takes place at 0*4 of the stroke in

the high-pressure cylinder, and the initial pv being known, all other

points in the cycle may be determined, assuming hyperbolic expansion,

as follows :

—

In the equations, the subscript figures refer to corresponding

figures on the portions of the figure representing the theoretical

indicator diagram. Thus = volume of steam at point 3, measured
from beginning of stroke—that is, from vertical line AO and to the

left in the high-pressure diagram, and from vertical line through
B and to the right in the low-pressure diagram. When the exhaust
side of the high-pressure cylinder is in communication with the low-

pressure cylinder, then the volume, including that of the receiver,

is given by the horizontal intercept between the lines of piston

displacement.

Since, for the purpose of this diagram, it may be assumed that pv =
a constant

—

+ C/.) = PjoC^io + C,) (1)

from which the terminal pressure is obtained. And the point of cut-

off in the low-pressure cylinder being known, then

—

-f <^0 = PloC^lO 4- C,) (2)

From which pg, or the pressure at cut-off in the low-pressure cylinder,

and therefore also the pressure in the receiver at that time, is known.
Then the pressures at all other points may be obtained by the

following equations :

—

Referring to the theoretical indicator diagrams in the lower part of

Fig. 160, then for the high-pressure cylinder

—

PiOh + = p-lv.^ + cO (3)

At point 2 the steam exhausts and mixes with that in the receiver,

which is at some pressure p^ previously calculated.

P-iiPi + u) + = Piipz + C* + E) . . . . (4)

But during the return of the high-pressure piston, so long as the low-

pressure cylinder is not open to receive steam, the volume enclosed

is for the moment reduced, hence the pressure rises to p^ until the

low-pressure valve opens the port to steam, when the pressure instantly

falls to pg.

PiiPi + C* + R) = plPi -t- C* + E) . . . . (5)

When the low-pressure valve opens to steam, the receiver steam
mixes with that in the clearance space of the low-pressure cylinder

;

thus

—

pjp-i “h *4" B) + jpvPi = 4“ B c,) . . (6)

This action continues, and meanwhile the low-pressure piston is

moving forward and increases the displacement, causing the pressure

to fall to Pb) when the high-pressure exhaust-valve closes, and com-

pression begins in the high-pressure cylinder ;
then

—

4“ B -f c^) = 4” 4“ B -f- c, 4" * (^)
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where is the volume displaced by the low-pressure piston from the

beginning of its stroke, and which volume may be measured by the

horizontal intercepted between the lines of piston displacement, as

shown by the dotted projectors.

The back pressure in the low-pressure cylinder is fixed

—

(Pl2^/) = + ^0 (^)

The same principles may be further extended to represent the

changes in any number of cylinders by taking two at a time.

Over the low-pressure diagram the high-pressure diagram is shown
dotted. It has been transferred from the opposite side of the figure

to show more clearly the relation between the diagrams.

To combine Indicator Diagrams of Compound Engines (Fig. 161).—
This is a method of constructing the diagrams to a common scale of

Fig. 161 .

volumes and pressures for the purpose of showing the relative work
areas to a uniform scale, and of seeing where the losses occur which
are peculiar to compound engines.

The original indicator diagrams for each cylinder are first divided
into ten equal parts, as in the ordinary way, and the clc'arance line

and saturation curve are drawn on the original diagrams by the method
already described (p. 110.
Then taking a length of, say, about 12 in. for the length of the

low-pressure diagram, set ofi* on a horizontal line—which may serve
as the scale of volumes and as the absolute zero line of the pressure,

—

a distance so that the length of the low-pressure diagram repre-

sents, to the scale chosen, the piston displacement of the low-pressure
cylinder.

To the same scale set back the clearance volume AS of the low-
pressure cylinder. Through point A raise a perpendicular line, which
is called the clearance line, or the zero line of volumes, and from this

zero mark off the scale of volumes as shown in Fig. 161. This scale

is the scale of all volumes measured on the diagram.



COMPOUND ENGINES. 145

The common scale of pressures chosen may be that of the original

low-pressure indicator diagram, or some multiple, say 1-5 of that

scale. Then first, to complete the extended low-pressure diagram,

divide the length chosen for this diagram into the same number of

divisions (namely ten) as marked on the original indicator diagram,

and set up to the scale chosen on the respective division lines of the

enlarged diagram, the absolute forward and backward pressures given

at the corresponding divisions of the original diagram. These points,

when joined up by a free curve, will be a reproduction to an extended
scale of the original indicator diagram.

To reproduce the high-pressure diagram to the new scales, set off

the clearance volume and piston displacement of the high-pressure

cylinder to the same scale of volume as used for the low-pressure

cylinder, and divide the piston displacement into ten equal parts.

Then transfer to these division lines the absolute forward and back
pressure given at the corresponding division lines of the original high-

pressure indicator diagram. The original indicator diagrams should

first be measured with the scale of the spring used in taking the

diagram, and the actual absolute forward and back pressures marked
upon them, so that these numbers can be transferred at once to the

combined diagram with the enlarged scale of pressures.

If the scale of the original low-pressure diagram is •—, a])d that

of the high-pressure diagram then, if the scale of pressures chosen

for the combined diagram is the vertical dimensions o^ the diagrams

on the enlarged scale will be ^ of the original scale of 2:>res8ures for

the low-pressure cylinder, and of the original scale for the high-

pressure cylinder.

The saturation curve is transferred fi’om the original diagram
to the combined diagram in each case, by the method of “ dry steam
fraction.’^

It is probable that the saturation curve of the respective cylinders

will not coincide—that is, will not be continuous. This could only

occur if the same weight of cushion steam was retained in each

cylinder. Generally the weight of cushion steap is less in the

lower-pressure cylinders, and therefore the saturation curve of the

first cylinder falls outside that' of,the second cylinder.

In each cylinder we have during expansion the weight of steam

supplied from the boiler per stroke, called the “cylinder feed,’’ and
the steam retained in the clearance space at compression. In the

diagram (Fig. 161) the compression curve of the low-pressure diagram

is carried up by a dotted line to any horizontal line, in this case the

atmospheric line, and the compresvsion curve of the high-pressure

diagram is brought down to the same line. Tlien AB = weight of

cushion steam in the low-pressure cylinder, and AS = weight of

cushion steam in the high-pressure cylinder; also SB = BE =
“ cylinder feed ” per stroke.



CHAPTER VIII.

SUPERHEATED STEAM.

The temperature of saturated steam depends upon its pressure. If heat

be taken from it, some of the steam is condensed, but the temperature

of what remains is unchanged so long as the pressure is unchanged.

If heat be added to the steam when it is not in contact with water,

its temperature will be raised above that due to its pressure
;
in other

words, it will be superheated.

The temperature of saturated steam in the presence of water cannot

be raised without raising its pressure. On the other hand, steam may
be superheated without raising its pressure if the steam be permitted

to expand as the heat is added. If steam were superheated in a closed

chamber where no expansion is possible, then the pressure would
increase with the temperature, as in the case of any ordinary gas. But
in practice the steam is used in the engine as fast as it is generated,

and the displacement of the piston is practically an indefinite extension

of the volume of the steam space of the boiler.

Hence the effect of superheating the steam which passes through

the superheater at constant pressure is to increase its volume per

pound at the given pressure, the increase of volume being assumed

—

in the present state of our knowledge of the subject—to be proportional

to the increase of its absolute temperature.

Superheated Steam previously used and afterwards abandoned.

—

In 1859, in a paper read before the Institution of Mechanical Engineers

on superhc'ated steam, by Mr. John Penn,^ several cases were referred

to in which superheated steam was then being used successfully, and
for some ten years afterwards superheaters were frequently applied,

especially in marine work.
' In 1860 i)articulars were given ^ of Parson and Pilgrim^s method of

superheating, as carried out on the boilers of passenger steamers then
running on the Thames. This method consisted of cast-iron pipes

placed in the fire-grate, and showed that even in those days the im-

portance was appreciated of placing the superheater near the furnace,

and not merely in the uptake, to be heated by waste gases, as was the

case generally in the marine practice of that time.

But at an (»aiiy period in the history of superheating, it was found
generally that if superheating was carried beyond about from 400°

to 500° Fahr., trouble was liable to occur in the form of scored

cylinders and valve faces, the cause of which was probably due to

* Proc. Inst. Mech. Engineers, 1859 and 1860,
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defective lubrication. The tallow, which was the lubricant of that
time, decomposed at temperatures lower than that of the steam in the
valve-chest, and the charred residue was worse than useless for the
purpose for which it was intended.

It was also found that the superheater tubes were sometimes burnt
out, owing probably to a solid deposit on the inside of the super-

heater tubes through the use of salt feed-water. This was before the
days of the surface condenser.

Considerable attention had also been given to superheating from
an early period by the Alsatian engineers, and in 1857 Mr. Him
issued a report of trials and experiments made by him on the value of

superheating, which showed that a large gain might be expected

from the use of superheated steam. The boiler pressure used by
him was 55 lbs., and with steam superheated from 410° to 490° Tahr.

he obtained economies of from 20 to 47 per cent.

Superheaters continued to be used, more or less, down to about

1870, after which they were rapidly abandoned.

The abandonment of superheating was probably due to the intro-

duction, about that time, of steam of higher pressures and higher

normal temperatures, accompankid by the rapid introduction of the

compound engine, as it was found that by these means the economy
obtainable by superheating might be more easily secured, and with

fewer mechanical difiiculties. Accordingly engineers devoted them-
selves to increasing the range of steam-pressures, and to the

development of multiple-expansion engines. But with saturated

steam the limit of efficiency is now nearly reached
;
and engineers

are once more reverting to superheating, in which direction a large

advance on present-day efficiency may be expected, and, in fact, is

now being obtained.

The specific heat of superheated steam at constant pressure, accord-

ing to Regnault, = 0*4805, and at constant volume = 0*346.

The total heat (H^) of superheated steam is the heat required to

raise the temperature of 1 lb. of water at 32° Fahr. to the boiling-point

(/i) due to the pressure {p^ ;
then to convert it into saturated steam

at the same pressure
;
and finally to superheat the steam to some

temperature while the pressure p^ remains constant. Then

—

H, = Hi + 0*48 — ^])

where = the total heat of saturated steam at pressure p^.

Temperature-Entropy Diagram for Superheated Steam.-—In Fig.

162, let aAB/r represent, by an area in heat-units, the heat required

to generate 1 lb. of saturated steam at temperature Tj. The method
of constructing this diagram is explained on p. 42.

If now this steam be superheated to some temperature T„ the

additional heat required = Q, = 0*48(T, — Tj), and the area represent-

ing the superheat is drawn by setting off first the entropy cd of the

superheated steam on the scale of entropy, making cd = 0*48(log^ T,

— log,, Tj)
;
and from d raising a perpendicular dT, to a height T^ equal

to the absolute temperature of the superheat. The line / T, is a line
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Fig. 162.

of constant pressure,, and with the scale usually adopted is veiy

nearly straight for small ranges of temperature. For a large range

points may be found for inter-

mediate temperatures, and a

free curve drawn through them.

Then the total heat required to

generate 1 lb. of superheated

steam from water at tempera-

ture Tg to steam at Tj, and then

to superheat it to T^, is repre-

sented by the area aT^ Tj/T, da.

If the steam expands adia-

batically from T, to T^, then the

work done by the 1 lb. of super-

heated steam, if there were no

losses, is representeid by the area

T,T,/T,AT2.

When the pressure of the

superheated steam has fallen by
expansion to namely, where
the saturated-steam line fm is

cut by the adiabatic line T,d,

the temperature has now fallen to that of saturated steam, and the

steam at this point g is dry, but is no longer superheated. If

the expansion is continued, the steam now becomes wet, and at li

the weight of moisture present = (/m -- T.^rn) lb.

To find the value of the dryness fraction 4- TgW, wo have—

qi ^ + ^2 = + 0*48 ]ogc^‘

from which may be obtained, where
</>i

and = entropy of water

at T, and To respectively (see Entropy Tables in Appendix). From

Fig. 162, these values are represented by

—

ad oa - he oh cd

The efficiency of that portion of the heat added as superheat, apart

from its practij;al effect in reducing cylinder

condensation, may be seen by considering the

-somewhat exaggerated temperature - entropy

diagram, Fig. 163.

Let ABC1)H represent the heat contained in

1 lb. of saturated steam at pressure and tem-

perature C, and let HDEG represent the heat

added as superheat. Then, if the superheated

steam in the cylinder be expanded down to back

pressure BM, the steam at release would be dry

saturated steam without any superheat, and
the efficiency of the superheat = SDEM -7-

HDEG.
For the case where steam is superheated at release, if the steam

Fig. 163.
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in the cylinder at some high temperature, E, is expanded along the

adiabatic line EG to some lower pressure, E (at which, however, the

steam is still superheated), then, if release takes place, the super-

heated steam will follow the constant-volume lines EKKL till it

falls to the back-pressure line BL. The efficiency of the superheat

is NDEFKN HDEG, and the loss due to release taking place

before the whole of its superheat had been used is SNKFMS. The
heat-equivalent of these areas can be measured from the temperature-

entropy chart in heat-units.

The constant-volume curve from K is drawn by taking the specific

heat of steam at constant volume 0*346 and drawing the curve KF as

DE was drawn for constant pressure, substituting 0*346 for 0*48,

It will be evident from this diagram that no important gain can be
theoreticaJly expected from superheating.

Superheating and Evaporating Surface.—Heat employed to super-

heat the steam increases the number of units of heat carried to the

engine per pound of steam supplied. Also the heat available for

evaporation of water is reduced by the amount employed in super-

heating the steam. Thus, suppose 10 per cent, of the heat from the

furnace gases employed in superheating the steam, instead of evaporat-

ing water on an extended heating surface of the boiler. The effect

will be 10 per cent, less water evaporated per pound of coal burnt,

and the steam generated will carry away to the engine 10 per cent,

additional heat as superheat. Considering the boiler and superheater

as one plant, the efficiency of this plant is unchanged, provided the

temperature and quality of the chimney gases is the same in both
cases ;

the heat supplied by the coal having been actually taken up
in some form by the working fluid, whether to evaporate water or to

superheat steam is immaterial from the point of view of the efficiency

of the steam generator.

The effect, however, on the efficiency of the steam as a working fluid

is very marked, as will be shown.

Temperature of Superheat required to maintain the Steam dry up
to Cut-off.—From experiments made by the author on the behaviour
of superheated steam in a small Schmidt-engine cylinder, it appears

that the amount of superheat necessary to reduce the initial condensa-

tion up to cut-off by any required amount is given approximately by the

following rule :
^ namely, that for each 1 per cent, of wetness at cut-off,

7*5° Fahr, of superheat must be present in the steam on admission to

the engine to render the steam dry at cut-off. (A rise of 7*5° Fahr.

will be equal to 7'5 x 0*48 = 3*6 thermal units.)

For example, suppose, in a simple engine, when using saturated

steam, 25 per cent, of the steam is condensed up to cut-off, and it is

required to find how much superheat is necessary to secure dry steam
in the cylinder at cut-off. Then, by the rule, since 1 per cent, of

wetness requires 7*5° Fahr. of superheat, 25 per cent of wetness will

’ Deduced by Mr. Michael Lougridjre from the author's experiments. See the
discussion on the author’s paper on “Superheated Steam Engine Trials,” Proc
Inst. C.F., vol. cxxviii.



STEAM-ENGINE THEORY AND PRACTICE,

require 7*5 X 25 = 187*5° Fahr. of superheat = (187*5 X 0 48) ~ 90

thermal units per pound of steam.

These figures apply only to the experiments above referred to, and

they will, of course, be subject to some modification for the numerous

types of engines and variable conditions occurring in practice.

In such an engine as the one above described, only 75 per cent, of

the steam is engaged in the p(n*formance of useful work. The heat

supplied per pound of saturated steam would be aiiproximately 1000

units from te^mperature of feed-water, and the efficiency of the heat

about 10 per cent.
;
that is, 100 thermal units are converted into work

for 1000 units supplied.

But by the addition of 90 thermal units as superlieat, the whole of

the 1 lb. of steam is prc^sent as di*y steam in the cylinder at cut-off,

and the useful work done is incu-eased approximately in the proportion

of from 75 to 100, or a gain of 53*3 per cent. That is, we now have

133*3 units of heat converU^d into work for an expenditures of 1090

units; or an efficiency of 133*3 4-1090 X 100 = 12*23 per cent., as

against 10 per cent, without superheat. This shows a very large

efficiency for that portion of the heat used to superheat, namciy,

33*3 -f- 90 X 100 = 37 per cent.

Using the same numerical example, it may be seen, also, how super-

heating reduces the ex-

f

Fig. IGi.

tent of the heat-exchange

between the steam and
the cylinder-walls

;
for

since 7*5° of superheat per

pound of steam prevents

1 per cent, of initial con-

densation, we have 7*5 X
0*48 =r 3*6 heat-units ab-

sorbed by the walls, in-

stead of 1 per cent, of the

latent heat of the initial

steam, which for steam at

100 lbs. pressure = 883*3

X 1 4- 100 = 8*83 heat-

units, or 2*45 times as

much heat. When the

superheat is sufficient to

maintain the steam dry

at release^ the heat-ex-

change is still further

reduced.

The same effects may
be shown graphically by
the aid of Fig. 164. Thus,

suppose dry saturated

steam supplied to an engine, and that the condensation at cut-off

was 50 per cent. Then area ahede = heat supplied per pound of
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steam
;
and the work area, when

exhaust pressure, = shaded area

cfgh. The loss of work due to

condensation = area fdhg.
To prevent this loss by means

of superheating, by the rule given

above, for every 7 TP of superheat

added to the steam, wetness at

cut-off is reduced 10 per cent.,

and the work area cfgh is gra-

dually extended towards the right

as more and more superheat is

added, until with 375° of super-

heat (= 7*5 X 50) the steam is

dry at cut-off, and the whole area

cdhh is now available as useful

work.

That is, ill order to obtain the

work area cfgh with saturated

steam, the heat-units expended =
area abede, and the etticiency

cfgh -f- ahede ; but by the addition

of the much smaller area edst heat-units as supcudieat, the work area

is nearly doubled, and the efficiency is now cdhh -i- ahedsL Hence the

economy of heat employed as superheat.

The numerical values of these areas should be plotted for actual

examples on the chart, Plate I., and measured by the student with a

planimeter.

The effect on steam-consumption of gradually increasing amounts
of superheat is well seen by Fig. 165, illustrating the steam-con-

sumption with a small single-acting Schmidt motor, having a pair of

7-in, cylinders, stroke 11*8 in., running at 180 revolutions per minute,

and supplied with steam with varying degrees of superheat.

According to the rule above stated, engines of the best types having

a minimum loss by initial condensation will require steam less highly

superheated than engines of an inferior type having a larger loss by
initial condensation.

To obtain dry steam at release^ the steam at cut-off will be more
or less superheated (see Fig. 167), and this condition of things requires

a further amount of superheat of from 50° to 100°, depending on the

number of expansions, being greater as the expansions increase. It

is also necessary to superheat the steam in the superheater to a

higher degree than is required at the engine, because of the loss of

heat which occurs in the passage from one to the other. This loss

depends upon the length of piping and upon the quality and amount
of the non-conducting lagging employed.

Reasons of Gain by Superheating.—The object of superheating is

to secure dry steam in the cylinder, and the actual gain in practice

which follows the use of superheated steam is due to the more or less

the steam is expanded down to

Fig. ]()5.
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complete remov^il of the loss by cylinder condensation
;
for when the

working liuid is saturated steam, no transfer of heat, however small

in amount, can take place from the steam to the metal without

accompanying deposition of water in the cylinder, which, during the

exhaust stroke, is evaporated at the expense of the heat of the

cylinder-walls.

The result is, that the mean temperature of the cylinder-walls

with saturated steam is much below that of the steam on entering

the cylinder. On the other hand, when the steam is sufficiently

highly superheated it is in a far more stable condition than before

the superiu^at was added, and can part with the whole of its super-

heat to th(i cylinder-walls without undergoing any liquefaction.

The drier the steam at cut-off, the more work is done per pound
of steam passing through the cylinder. The? drier the steam at

release, the less demand upon the cylinder-walls during exhaust for

heat of re-evaporation, and the higher the mean temperature of the

cylinder-walls. A dry cylinder at release parts with little heat to

the comparatively non-conducting medium passing away during

exhaust, hence the smallness of the heat-exchange between the

steam and the cylinder-walls under such conditions.

Superheating thus removes the principal sources of loss of heat

by the walls, namely, water in the cylinder at release, and reduces

also the amount of the heat-exchange between the steam and the

walls to a minimum. 1

Effect of Superheat upon Heat-exchange in the Cylinder.—By
the aid of the method described as Hirffs analysis on p. 120, it

Fill. 1G6.—Wet steam throughout Fia. 167.—Superheated steam
expansion. ^ throughout expansion.

is possible to show by areas the effect of superheat in reducing the
c‘xt(uit of the heat-exchange between the steam and the cylinder-

walls in any actual case.

The method consists in finding the heat missing from the steam at

cut-off, due to absorption of the heat by the cylinder-walls, and
representing the same by a rectangular area drawn to the same scale

of heat-units 2 as the indicator diagram (see Figs. 168 to 170).
The heat missing at cut-off = (total heat supplied in the steam per

stroke) -f (heat in steam enclosed at compression) + (work done upon

‘ Superheating is also said to greatly reduce the loss by leakage between the
slide valve and the face of the ports.

^ The scale of the indicator diagram in heat-units = total work in foot-lbs. -3- 778.
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iho steam during compression) — (work done during admission) —
(heat remaining in steam at cut-off).

Using the same symbols as employed in Hirn’s analysis, p. 120
then, when = heat missing at cut-off

—

(1) For steam not superheated at cut-ofl* (Pig. IGG) :
—

Q + 4“ “ AW«, -4- 4“ (M -f + ocipj).

(2) For steam superheated at cut-off (Fig. 1G7) :

—

Q + M^(A^ + ‘^vO + = AW„ -f + (M + M^) + Pi +
- Qi

from which Q,, may Ixi obtained.

The value of the absolute tem])erature of the superheated steam
at cut-off, is obtained by measuring to scale from the clearance line

the volume of the steam at cut-off on the indicator diagram
;
and to

the same scale the volume v„ of saturated steam measured to the

saturated-steam curve. Then it is assumed that the steam behaves as

a perfect gas, and expands in proportion to its absolute temperature
;

and t, : f,, : : V, : v,.

From a series of trials made by the author, the diagrams Figs. 1G8,

169, 170 have been drawn, showing the way in which the extent of

the heat-interchange with the cylinder walls during admission is

reduced by superheating. The heat-exchange area, shown shaded,

and equal in value to Q,, in the above formula, is drawn to the same
scale as the work-area of the indicator diagram expressed in heat-

units. The Figs. 168 to 170 show how the heat-exchange becomes

smaller as the degree of superheat increases, or, in other words, as

the dryness of the steam up to cut-off increases. The power and
speed of the engine, and therefore also the area of the indicator

diagram, are constant throughout.

,
Effect of Superheat on Weight of Steam required per Stroke.

—

With a constant speed and power of engine, and a constant area of
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indicator diagram, but a varying degree of superheat in the steam,

the relative weights of steam passing through the cylinder per stroke,

may be shown by placing the dry-steam curve upon the diagram as

explained on p. 116.

Then for the constant-work diagram, shown shaded (Fig. 171), the

weight of steam required per stroke when no superheat is used is

represented by ad lbs.

I'lG. 171. Fig. 172.

If the steam su})i)]i(5(l to the engine be sufficiently su})erheated to

render the steam superheated at cut-off, then the weight of steam

now required per stroke = of the weight required when no super-

heat was used. When some intermediate degree of superheat is

employed, the weight of steam passing through the cylinder per

stroke = of the weight required when no superheat is used.

Effect of Superheat on Work done per Pound of Steam.—The effect

on the pressure-volume diagram of superheating the steam is shown
by Fig. 172, where pf represents the volume of 1 lb. of steam at

pressure op^ and pa -^pf is the dry-steam fraction at cut-off. Then,

if the steam expand down to the terminal pressure 6, area pabed
represents approximately the proportion convei*ted into work by
saturated steam

;
and fg is the line of constant-steam weight. If

the steam be superheated sufficiently to secure dry steam at cut-off,

and it is expanded down to the same terminal pressure, then as

expansion proceeds the expansion curve fs will fall within the dry-

steam line fg, and the steam will become wet, and the area pfstd is

the work area. The gain due to superheat, being equal to the

difference of the two areas, = pfstd — pabed. If the superheat be
increased so as to secure dry steam at release, then the steam is

superheated at cut-off, and its temperature T, at point of cut-off

m = T,„ X whore T,j is the temperature of saturated steam at

the pressure at point m. The superheat gradually disappears as the

expansion proceeds, till the steam falls to the temperature of dry
steam at g. This last condition is the condition of maximum
theoretical efficiency.

The effect of superheat in increasing the effective work done per
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pound of steam is well shown by the aid of the temperature-entropy

diagram. Fig. 173 is illustrative of the kind of figures obtained in

this way.
This diagram is drawn from the indicator diagrams, having first

obtained the weight of steam used per stroke, also the dryness frac-

tion of the steam, using different degrees of

superheat in each case, but maintaining a

constant speed and power. They are then
transferred direct to the temperature-en-
tropy chart (see p. 116).

Thus, if the area abed represent in thermal

units the work done per pound of steam
when no superheat is used, then the addi-

ti(_)n of a moderate amount of superheat has

the effect of increasing the dryness fraction

of the steam, and thus increasing the effec-

tive-work area ahed to apfd. Jf sufficient

superheat be added to maintain the steam

in a superheated condition at cut-off* and
throughout expansion, then the dryness line

passes outside the saturated-steam line, and
a peak rises to a i)oint s, the height of which
depends upon the actual temperature of the

steam in the cylinder, and is determined as

V
already described on p. 152, where = tn -•

Fig 173.

Then the effective-work area per pound of

steam = amsngd.

It will thus be evident how superheat, by increasing the dryness

fraction of the steam in the cylinder, increases the useful work done
per pound of steam supplied, the steam previously lost in the

cylinder by initial condensation being now available for useful work.

Considering the expansion line of these diagrams, and the extent

to which they deviate from the vertical adiabatic line, it will be seen

that the wetter the steam is in the cylinder at cut-off, the greater the

flow of heat from the walls to the steam during expansion, as shown
by the slope of the expansion line ht towards the dry-steam line mn
as the expansion proceeds

;
but the drier the steam is at cut-off, the

more nearly the expansion line becomes a vertical line (see ek)—in

other words, the more nearly the cylinder becomes non-conducting.

If the superheat is sufficiently high to supply not only the heat

absorbed by the cylinder walls, but also to provide the heat-equiva-

lent of the work done during expansion, then the steam will be dry

at release
;
and this is the condition of maximum efficiency in a

single cylinder.

If more superheat is added to the steam than is sufficient for the

purpose of securing dry steam at release, then the steam is super-

heated in the exhaust pipe, and, unless the engine is compound, the

superheat in the exhaust steam increases the loss at exhaust.
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Superheated Steam in Compound Engines.—It is* not practicable to

superheat tlie steam supplied to the first cylinder of compound engines

to such an extent as to secure superheated steam in the second cylinder.

The very high economies obtained in practice by the use of super-

heated steam have been obtained in engines where the steam in the

first cylinder only was superheated, and then it is exceptional to

find the steam dry at release in the first cylinder, even with steam in

the high-pressure valve-chest at 600° Pahr.

Tn compound engines, although, by means of high superheating,

the whole of the steam supplied to the first cylinder may appear in

that cylinder as dry steam, yet when it passes forward to the next

cylinder, only about 70 per cent, of it, or less, will appear as steam at

cut-ofi*, the remainder being present as water, if there is no super-

heating between the cylinders. The powc^r of the lower-pressure

cylinders is th(^refore much reduced as compared with the power of

the high-pressure cylinder. Superheating between tlie cylinders

would add to the power and efficiency of the lower-pressure cylinders

for a given weight of steam supplied to them
;
and this may be

accomplished by fitting a multitubular reheater receiver between the

cylinders, for reheating with superheated steam, by surface reheating

(not by mixing). This is equivalent to jacketing the receiver.

Superheated steam may be looked upon, not as a means of obtaining

a thermal efficiency with the steam-engine in any way proportional to

the temperatures used in the superheat, but as a device for realizing,

or at least approaching, the full thermal efficiency of the saturated

steam between the range of pressures used in the engine.

Notwithstanding what has already been done, still higher efficiencies

may be expected to follow the adoption of higher initial pressures

combined with sufficient superheating to maintain the steam dry

throughout the expansion.

Admission of a Supplementary Supply of Superheated Steam
between the Cylinders of Compound Engines.—If drying and super-

heating the exhaust steam, on its way from the high to the

low pressure cylinder, could be accomplished by the admission of an
auxiliary feed of highly superheated steam from the main steam-pipe

'to the receiver, it might be suppose<i that the loss would be more
than compensated by the increased efficiency of the steam in the

following cylinders. "But it will be seen that this proposal, though
often made, is not feasible

;
for, assuming the auxiliary steam

supplied from tlie main steam-pipe to contain M) per cent, additional

heat as superheat—equivalent to, say, 100 heat-units per pound—then,

if the steam in the receiver contains 10 per cent, of moisture, the

weight of auxiliary feed necessary, even to dry the steam without

any superheating (that is, to provide heat-units = where
L = latent heat of steam in the receiver), would be nearly equal to

the total weight of steam exhausted into the receiver from the first

cylinder, which is an altogether impracticable quantity. ^

Lubrication.—The difficulties which arose from defective lubricatior

* Proc. Jn«f. vol. cxviii- p. 86.
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in the earlier applications of superheated steam were probably due to

the fact that the lubricant—or at least that portion of it admitted to

the valve-chest, where it would be subjected to the maximum tem-
perature of the steam—had all its lubricating properties destroyed,

and its presence then would be more harmful than otherwise. But
with the greatly improved quality of the lubricants now to be obtained,

and with increased attention to the method of applioiition of the lubri-

cant, this cause of trouble has been removed.
If great care is taken to prevent loss of heat by radiation between

seen on on c c .

Fig. 174.

the superheater and the engine by the ample use of good non-

conductors, then the superheated steam may be delivered at a high

temperature up to and surrounding the admission valve
;
but when it

enters the cylinder it parts usually with the whole of its superheat to

the cylinder walls, the steam being rarely superheated at cut-ofF except

with very highly superheated steam, and then only when the cut-off is

comparatively late.

Hence the chief point requiring attention in regard to lubrication is

the steam-admission valves rather than the piston.
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Superheaters.—Kg. 174 illustrates the Schmidt superheater as fitted

to a small vertical boiler. It consists of coils of tubes placed above

the boiler, around which the flue gases are made to pass on their way
to the chimney. The coils are arranged watch-spring like, and placed

one above the other.

The steam leaves the steam-space of the boiler by a perforated

tube, enters first the lowest coil, and then passes to the next coil

above it. These two coils are termed the ‘‘fore-superheater,^^ and

they contain the wettest steam
;
they are also, of course, subjected to

the highest temperatures of the flue gases. The steam then passes

from the second coil into the vertical enlarged pipe (called the “ after-

evaporator ”), and from here it passes to the topmost coil of the upper

or “ main superheater.’’ It then flows downwards through the suc-

cessive coils in a direction opposite to that of the flow of the chimney
gases, and leaves the superheater at its maximum temperature from

the lowest coil of the main superheater (the third coil from the

bottom) and passes forward to the engine. TIk' steam flowing in

the opposite direction to the chimne^y gases enables a high tempera-

ture of steam to be obtained with a comparatively low temperature

of chimney gases.

The wet steam in the lowest coils is intended as a protection

against overheating of these

coils.

For r(‘gulating the super-

heat, a valve is fixed at the

vertical flue tube,

which is closed when the maxi-

mum superheat is required,

and the gases have then all to

pass through the superheater

coils on their way to the

chimney. To reduce the su-

perheat the valve is partially

raised, and more or less of the

furnace', gases may escape by
the chimney without passing

through the coils.

SECT/0/\f ON A.B. In experimenting with this

superheater, the author found
that if the weight of steam
passed through the coils pc'r

minute were reduced, then, in-

dependently of the firing, the

temperature of the steam im-

mediately began to fall
;

on
the other hand, if the weight

Fin. 175. of steam passed through the

coils per minute were in-

creased, then the temperature of the steam immediately began to rise
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also. From many experiments it was found that, within certain

limits, the higher the velocity of the steam passing through the

superheater, the more rapidly the heat was taken up by the steam.



i6o STEAM-ENGINE THEORY AND PRACTICE.

ribs on the inside, as shown in Fig. 175. The regulation of the

superheat is secured by dampers.

Fig. 176 is an illustration of the Schwoerer superheater^ as fitted

by Messrs. James Simpson & Co. to a Babcock and Wilcox boiler.

Fta. 177.

Fig. 177 is an enlarged view of the superheater. Fig. 178 shows its

application by the same firm to a Lancashire boiler. Fig. 179 shows

an independently fired installation of the Schwoerer superheater.

Figs. 180 and 181 show a small-tube type of superheater as fitted to

a Lancashire boiler by Messrs. Hick, Hargreaves & Co.

The position of the superheater, in relation to its distance from the

furnace, depends upon the extent of the superheat required ;
if the

steam is merely to be dried, then the superheater may be placed in

the waste gases beyond the boiler-heating surface. But it is usually

desirable to place the superheater where the temperature of the gases

is at least 1000° F. The higher the temperature of the gases to

which it is exposed, the more efficient the surface, and’ the smaller

proportionately the surface recjuired for a given degi'ee of superheat.

Heat transmitted, by Superheaters.—From the results of many
experiments, Mr. Michael Longridge states that, in order that the

superheater surface may be efficient, there should be a head of tem-

perature between the flue gases and the steam of something like

400° F. With such conditions he estimates that a heat transmission

of about five units per square foot of surface per hour per degree of

difference in temperature, the difference of temperature being taken as

the difference between the mean temperature of the flue gases and of the

steam respectively before entering and after leaving the superheater,'-*

^ From a paper on “ Superheating,’* by Mr. W. H. Patchelb Froc. Inst. Mech.

Engineers, April, 1896.
* Froc. Inst. Mech. Engineers, 189G, p. 175.
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Regulation of Superheat.—The methods employed for this purpose

may be summarized as follows :

—

Fig. 179.'

(1) By the use of dampers regulating the flow of flue gases to the

superheater.

' From “ Application de h Surchauffe ms Machines k vapeur/' by Prof. Fran9ois
Sinigaglia.
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(2) By mixing or combining saturated and superheated steam in any
required proportion.

Fig. 180.

Fig. 181.

(3) By the use of an independently fired superheater, which arrange-
ment lends itself very easily to the regulation of the heat.

(4) By regulating the rate of flow of the steam.



CHAPTER IX.

/NTBJiNAL SUjRFACE OF ENGINE CYLINDERS.

The loss by condensation in engine cylinders is due to the diffei’ence

of temperature between the steam and the cooler metal of the cylinder,

and the extent of the loss increases as the extent of the actual surface

in contact with the steam increases.

The portion of the dou})le stroke, during whi(;h heat passes from the

steam to the metal, begins at admission of the steam to the cylinder

and terminates usually almost immediately after cut-off, where the

expanding steam has fallen in temperature to that of the mean
temperature of the walls. The greater the area of the internal surface

per pound of steam admitted, the greater the condensation. Hence the

importance of reducing this surface as much as possible, especially the

clearance portion of it, where, by care in designing, considerable reduc-

tions might often be made, with a corresi)onding improvement in the

surface and cylinder surface generally, it

may be well to compare the effect of

difference of ratio between cylinder di-

ameter and length of stroke.

Taking cylinders (Fig. 182) of equal

capacity A and B, A having 4 sq. ft. of

piston area and 1 ft. stroke, and B having
1 sq. ft. of piston area and 4 ft. stroke

;
A

representing the short-stroke, high-speed

type of engine of relatively large piston

area, and B representing the long-stroke

type with relatively small piston area

;

then, neglecting clearance volume and
steam passages, the relative area of clear-

ance and cylinder surface exposed to

equal weights of steam in the two cases will be seen from the

following table :

—

economy of the engine.

In respect of clearance

-h

V.
- _ ^ - 4 „ -

Fig. 182.

Piston area ... sq. ft.

A.
4-0

Stroke ft. ro
Piston displacement ... cub. ft. 40
Surface of barrel ... sq. ft.

... .y

7-09

Clearance surface 8-0

„ -1- barrel to \ stroke... ... yj
9*78

n-r)0

1-0

4-0

4*0

1418
2-0

5'56

9*13
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Clearance surface -f barrel to | stroke sq. ft.

"4“
^

full ,, ... ... ...

Surface exposed per unit weight of steam sdmitted with cut-

1

off at \ stroke

Ditto ditto I „
Ditto ditto

j „
Ditto ditio full „

A.

13-35

1513

9*78

5-78

4-45

3-78

B.

12-69

16-26

5-56

4-56

4-23

4-06

Comparing the two cases, on admission of steam to the respective

cylinders, the clearance surface of the short-stroke engine is four times,

as great as with the long-stroke. If cut-ofF takes place at d stroke,

the actual wall surface of the cylinder enclosing the steam up to cut-

off is 5*56 sq. ft. in the long-stroke engine, and 75 per cent, more than
this in the short-stroke engine. That is, if condensation be directly

proportional to surface, the condensation in the short-stroke engine
will be 75 per cent, greater than in the long-stroke engine when
cut-off* takes place at stroke in each engine.

It will, however, be observed that as the cut-off is made later, the

respective areas of cylinder surface in the two cases become more and
more nearly alike, and if steam were admitted to the end of the stroke,

the surface is 7 per cent, greater in the long-stroke engine
;
in other

words, the loss by condensation in the two cylinders would be more
nearly the same as the cut-off* is later. The earlier the cut-off* the

more advantage lies with the long-stroke engine.

It has been so far assumed that the engines are run at the same
rotational speed

;
but if they are ruji at the same piston speed, as

would be more probably the case, then the short-stroke engine would
make four times as many revolutions as the long-stroke.

But if the assumption is correct that cylinder condensation is

inversely proportional to the square root of the number of rotations,

then the loss by condensation in the long-stroke engine as compared

with that in the short- stroke is as 1 :
- - = 1 : L

Short-stroke engines are therefore most economical when run at

high speeds and with a late cut-off'.

This statement takes no account of clearance volume. In short-

stroke engines (see above table) the clearance volume is proportion-

ally large, and in such engines great care must be taken to make the
best use of the compression steam, so as to fill the clearance space
with steam at a pressure as near as possible to the admission pressure,

otherwise the diff*erence must be made up by boiler steam, and the
amount required for this purpose may be a large proportion of the
total steam used.

Turned and Polished Clearance Surfaces.—The advantage of

turned and polished surfaces for the clearance spaces in reducing
cylinder condensation has been proved in numerous instances

;
and

the most economical results yet recorded with saturated steam liave

been obtained in engines having the piston face and inner surface

of the cylinder cover turned and polished. The surfaces appear to be
thereby rendered more nearly non-conducting.



CHAPTER X.

THE STEAM-JACKET.

The steam-jacket, as its name implies, is an arrangement for covering

the cylinder with a hot-steam covering. It consists of a chamber
or chambers enveloping the working barrel and the covers of the

cylinder. These chambers are filled with steam at a temperature

equal to or greater than the initial temperature of the working steam
entering the cylinder.

The object of the jacket is to maintain ihe temperature'- of the

internal walls as nearly as possible equal to that of the steam
entering the cylinder, and in this way to reduce the loss due to

initial condensation.

As already stated, whatever tends to increase the mean tempera-

ture of the walls tends also to reduce initial condensation, and
experiment has shown that the heat expended in the jacket for this

purpose is more than compensated for by the increased efficiency of

the working steam in the cylinder. The extent of the gain follow-

ing the use of the jacket varies greatly according to the conditions

of working, the construction of the jacket, including the arrangements

for drainage and for supply of steam to the jacket, the temperature of

the steam supplied to the jacket, the speed of the engine, the quality

of the steam entering the cylinder, the ratio of internal cylinder sur-

face to weight of steam used, the range of temperature of the steam
in the cylinder, etc.

Action of the Jacket.—Unjacketed cast-iron cylinders are practi-

cally a heat sponge absorbing from the steam, each stroke during
admission, heat which should have been employed in doing useful

work, and rejecting the same amount of heat, but at a lower
temperature, during expansion and exhaust, by re-evaporation of

the water deposited at the beginning of the stroke. This heat is

almost entirely wasted, as the useful work done by it by re-evapora-

tion of water during expansion is extremely small, and the remainder
goes away during exhaust to increase the already large exhaust
waste.

The greater the proportion of water deposited in the cylinder, up
to a certain limiting point, the greater the demand upon the store of

heat in the cylinder walls for the purpose of re-evaporation
;
the

deeper, also, the ebb and flow of the heat-wave in the metal walls
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each stroke, the larger the proportion of heat taking part in this

most wasteful process.

The action of the jacket is therefore to reduce the extent of the heat-

interchange between the steam and the walls, and, as a consequence,
to reduce also the weight of water to be afterwards re-evaporated at

the expense of heat from the cylinder walls. Thus with a jacket a
smaller proportion of the heat of the steam is wasted in merely
passing into and out of tlie walls, and a larger proportion is employed
in the performance of useful work than when no jacket is used.

All heat transmitted through the cylinder walls from the jacket

is accompanied by a corresponding loss due to condensation in the
jacket, but the net result is in favour of jacketing. For it should
be noted that each 1 lb. of steam condensed in the jacket leaves the

jacket as water containing say '270 units of heat ; while each 1 lb. of

steam condensed in the cylinder passes away as stearn, and carries

with it to the air or condenser the latent heat of the steam (from 900
to 1000 units) which has been first given to ajid then taken from the
cylinder walls. There is no re-evaporation of the water in the jacket,

but it may be usefully employed as a hot feed to the boiler. The
heat transmitted by the jacket per pound of steam condensed therein is

the latent heat of steam L for the pressure in the jacket.

Effect of Speed of Rotation.— Since the amount of heat transmitted

through the cylinder walls varies with the time, then, as the rate

of rotation increases, the^ extent of the heat interchanged pc^r stroke

between the steam and the walls will ]>ecome less, until, when the

speed is indefinitely gnuit, the heat-interchange is zero, and the

jacket is of no effect. From this it follow\s that the efficiency of

the jacket is greatei’ as the rotational speeds decr(‘ase.

Effect of Ratio of Expansion.—With given initial and back pres-

sures—that is, with a fixed range of temperatures in the cylinder,

but with a variable cut-off—the efficiency of the jacket will vary with
the point of cut-off. For, since the flow of heat through the cylinder

walls varies with the temperature on the two sides of the walls, it

is evident that the jacket heat will pass more readily the earlier the

cut-off, since the mean temperature of the internal portion of the

cylinder walls is lower as the cut-off is earlier.

Hence the jacket is more effective in cylinders having a large ratio

of expansion. During expansion th(i re evaporation is greater without

a jacket than with one, and the dryness fraction, especially at release,

is always greater with a jacket than without one.

The following diagram shows the varying efficiency of a steam-

jacket at different ratios of expansion. It was prepared by Mr. Bryan
Donkin from trials made by him with an engine having a cylinder

6 in. diameter, stroke 8 in.
;

speed in all experiments about 220
revolutions per minute

;
steam pressure, about 50 lbs. above atmo-

sphere.

Water in the cylinder, from any cause whatever, is a source

of loss of heat from the cylinder walls. Owing to the property

which liquids possess of absorbing heat from surrounding bodies
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during the process of evaporation which follows a fall of pressure,

it is easy to account for the rapid flow of heat from the walls to the

water in the cylinder during expansion, but especially when the

exhaust port opens.

However dry the condition of the steam on entering the cylinder,

there is always some initial condensation (except when a high degree

of superheat is used), and even if the steam were dry at cut-ofl', there

is still the water formed during expansion by transmutation of heat
into work.

Fig. 183

Assuming that all possible care has been taken to obtain dry
steam in the cylinder by lagging steam-pipes, cylinders, and valve-

chests, by fixing separators, and drain-cocks from valve-chests, by
reduction as far as possible of the proportion of clearance surface,

and by polished internal surfaces of cylinder-cover and pistons, then,

unless the speed of rotation is high, the steam-jacket or superheating
will still be necessary to secure dry steam at release.

The action of the jacket may be further illustrated by the aid of

the temperature-entropy diagram.
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1. If the cylinder walls are as hot as the entering steam, then the
steam is dry at cut-off. The heat required to maintain the steam
dry throughout expansion =
area akfd (Fig. 184), where Icf

is the dry or saturated steam
curve, or cur\e of constant
steam weiglit. This shows that
without a jacket, in the best of

engines, the dry steam, expand-
ing adiabatically and doing
work, becomes wetter as the
expansion continues, and that

the steam can only be dry at

release by the further addition

of heat from an external source.

It also shows that the heat so

added is not theoretically so

efficient as the heat of the work-
ing steam, because tlie whole of

the added heat is not applied

at its maximum temperature,

but is applied duritig a gradual

fall of temperature. The efficiency of the jacket steam in such a
case is nhf’-^ ahfd. If this were the condition of things in prac-

tice, then a jacket would not be a source of gain, but a source of

loss of efficiency
;
but in practice these conditions are considerabl}^

modified, with the result that the jacket heat actually inci eases the

efficiency.

2 . In unjacketed cylinders, though dry steam is supplied to the
engine, the steam is never dry at cut-off, but has some dryness
fraction tc -f- tk. Suppose now that a jacket l)e added, and that the

steam is thereby rendered dry at cut-off and throughout expansion to

release. Then heat supplied by jacket = area akfd. But by this addition

of heat there is an increase of useful work = area clzfec ; therefore

the actual efficiency of the jacket heat = ckfec -f- akfd, or an increase

of engine efficiency of from {tcep optka^ to (tkfp -f- optkfd).

Construction of the Jacket.—The success of jacketing depends very
largely upon the care exercised both in the design and use of the

jacket. If a jacket is so constructed as to leave pockets which will

inevitably remain filled with water, or fiat horizontal surfaces upon
which will continually lie a layer of water through which heat is

expected to pass to the cylinder, the result will be disappointing.

Great care should be taken to arrange for the proper flow of the

water deposited in the jacket to the jacket drain by sloping surfaces

and properly placed drain-pipes.

The steam-supply pipe to the jacket should be made of ample
diameter

;
also care should be taken to provide for efficient circulation

of the steam in the jacket.

Cylinders are sometimes made with a surrounding jacket, through
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which the steam from the boiler first passes before entering the

cylinder. The object of this is, no doubt, to accelerate the action of

the jacket by a rapid circulation of the jacket steam. Such jackets

should be well drained, but the jacket is never in direct connection

with the exhaust side of the piston, hence its mean temperature is

higher than that of the internal cylinder walls.

The value of the jacket is greater, other thiags being equal, as the

dimensions of the cylinder are smaller
;

because in small cylinders

the cylinder surface per unit weight of steam passing through the

engine is greater than in large cylinders.

One effect of jackets is to increase the tendency to loss of heat by
radiation, as the area of the external surface and the temperature of

the surface are both increased by the addition of jackets.

It appears, from various experiments, that there is no advantage in

making the pressur e of the steam in the jacket of any cylinder more
than a few pounds greater than that of the initial steam in the

cylinder. Thus it is usual to reduce the pressure in the jackets of

the second and succeeding cylinders of triple and quadruple expansion

engines.

In the engines of H.M.S. Poioerfal^ the pressure of steam at the

stop-valve is 210 lbs. All the cylinders are steam-jacketed. The
high-pressure cylinder is jacketed with steam at 210 lbs. pressure.

The steam to the intermediate jacket passes through a rc^ducing-

valve loaded to 100 lbs., and to the low-pressure jacket through a

reducing-valve loaded to 25 lbs.

Fig. 185 . Fig. 186 .

The above figure (Fig. 186) shows the effect of jackets on the
cylinders of a triple-expansion engine H = high-pressure cylinder

;

1 = intermediate cylinder
;
L = low-pressure cylinder. The rect«
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angles marked N, N, N show by the darkened areas the proportion

of water present at cut-off with no steam in the jackets.

The rectangles marked J, J, J show the effect on the dryness fraction

of the steam when steam is admitted to all the jackets
;
from which

it will be seen that the gain resulting from a jacket is greatest in the

low-pressure cylinder, and least in the high-pressure cylinder.^

The Reports of the Research Committee of the Institution of

Mechanical Engineers on tlie value of the steam-jacket are a collection

of valuable facts obtained from numerous sources, but the Report
containing the final conclusions of the committee has not yet been
published. It has, however, been shown that the gain by jacketing

varies considerably as the conditions and extent of the jacketing

vary, being from 2 or 3 per cent, to 25 per cent, in favour of jacketing.

In the trial of the Pawtucket pumping engine by Prof. J. E.

Denton, the engine being compound, with both cylinders jacketed on
barrels and ends, and with steam at full boiler pressure in all the

jackets, a difference of only 3 per cent, in favour of jacketing was
obtained.

From trials made by Prof. Osborne Reynolds of the triple -exj)ansion

fully jacketed engines at the Owens Colleger, it was found that with

jackets tilled throughout with boiler pressure, 19*4 j)er cent, of the

total heat supplied was converted into work. Without steam in any
of the cylinder jackets this percentage fell to 15*5, showing a gain of

over 25 per cent, in favour of jacketing.

^ See “Keports of llesoarcli Committee on the Value of the Steam Jacket,’* Troo.

Inst. M F., 1889, 1892, 1894.



CHAPTER XL
THE INJECTOR.

The injector is an instrument for feeding boilers, and is used instead

of, or in conjunction with, a feed pump. It was invented in 1858
by M. Giffard, a French
engineer, who established

beyond doubt the power
of a jet of steam, passing

from the steam space of

a boiler, to force water
into the same boiler

against the same internal

pressure as that of the

steam itself.

The construction of the

injector will be under-

stood by the following

diagrammatic sketch

(Fig. 187). The steam-

nozzle^ 8, shows how the

steam is supplied to the injector through a small inlet. The amount
of the steam-supply is regulated by the coned plug, which tits more or

less closely against the oiifice.

The combining tube, c, is where the slowly moving water, drawn
up from the well R by the action of the steam-jet, combines with the
swiftly flowing stream of condensed steam, and is carried forward by
'it into the boiler.

The delivery tubcj d, receives the contents of the combining tube.

Here at its narrowest "^part the maximum velocity of the jet is attained,

and from this point the velocity of the jet is reduced as it proceeds
along the diverging tube to the boiler feed-pipe /.

The overflow^ o, is an opening or break in the pipe through which
excess of water or steam may escape during the operation of starting.

Fig. 188 illustrates the actual construction of the injector as
originally introduced, and of which pattern large numbers are still

made.
Fig. 189 is a section of Messrs. Holden and Brooke’s Injector (non-

lifting pattern).

Action of the Injector.—To start the injector, it is necessary first

X X
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to turn on the water-supply, and then to withdraw the steam-spindie

slightly so as to admit steam through the nozzle into the injector.

The steam-spindle may then be fully opened, the supply of water*

being regulated till there is no overflow of either water or steam.

The steam-jet carries forward with it entrained air from the water-

charaber (A, Fig. 187), thereby causing a partial vacuum in that

chamber, and the water in the suction pipe to rise and enter the com-

bining tube. The jet of steam, coming into contact with the cold

water, is condensed laterally to an attenuated thread of water, which
retains, however, its original velocity, and passes forward from the

combining tube into the delivery tube, carrying with it entrained

water.

After passing through the throat of the delivery tube, the velocity

of the steam decreases as the cross-section of the diverging tube

increases, and finally the combined stream enters the boiler.

The Combining Tube.—-In this tube,

by means of the vacuum formed by

the condensed steam, the water is

drawn up into the injector. It is

evident, therefore, that the water

must be sufficiently cold to condense

the steam, and that the proportion of

i OEUV/ERY

Fro. 188. Fig. 189.

water to steam must be sufficient to ensure complete condensation,



174 STEAM-ENGINE THEORY AND PRACTICE.

if the injector is to lift water from a well placed below it. The
quality of the vacuum in this tube depends upon the temperature

•of the combined steam and water.

The elFect of varying the steam pressure with a given setting of

the instrument is to vary also the supply of water needed. Thus, if

the steam pressure is increased, the supply of feed-water should

increase also, to properly condense the steam, or the degree of vacuum
will be reduced and the action of the injector impaired. Or, if the

pressure of the steam is reduced, the feed-water will be in excess, and
will escape by the overflow.

Velocity in the Delivery Tube.—If H = the head of water in the

boiler equivalent to the internal pressure, then the velocity {y) of

a jet of water flowing from— the boiler = V^f/II» and the

velocity of the jet to enter

the boiler, or its equivalent

in pressure, must be in excess

of this.

Also, if w = the weight of

1 cub. ft. of water in pounds,

then P in pounds per square

ft. = wH lbs.
;
or

—

H =
to

and-

V=: \/
2gY

w

Fig. 190.

From which it is clear that
the velocity of a jet varies

inversely as the square root
of its density (w). Thus the
velocity of steam will be very

much greater than the velocity of water under the same pressure,

because of the very low density of steam compared with water

;

hence the effectiveness of the condensed steam-jet as a means of

admitting water into the boiler against the boiler pressure.

The impinging jet^ enters the boiler because the kinetic energy

1-1 •
/Wv‘^\

which it possesses or its equivalent in pressure, is greater than

that which is due to the head H of the equivalent water-column acting

in the opposite direction. Napier^s formula for the flow of steam into

the air in pounds per second

70

where P = boiler pressure absolute in pounds per square inch

;

A = area of orifice in square inches.

In the gradually diverging delivery tube, if a section be taken at
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successive positions along the tube, there will be exactly the same
weight of water flowing through each of these sections in the same
time, namely, AV, where V = velocity in feet per second, and A =
area in square feet; and AV = AiVj = A2V2 ,

etc., assuming the
density of the jet to be uniform. And since the area A of the section

increases from the minimum section towards the boiler, so the
velocity decreases

;
and since the area changes as the square of

the diameters of the section, the velocity will change inversely as

the square of the diameters. This is shown by the diagram Fig.

190, where a curve of velocities is set up at successive sections of the
tube, calculated thus

:

, , volume passing in cubic feet
VeJocify at any section = .. , . . ..

,area or section in square leet

AV (I'^N
or Vj — . -

;
or ^ where d = diameter of section

Since the pressui^e at any section varies with the velocity, a curve

of pressures is also drawn. It is calculated from the following

formula :
—

TT TX
H, + ^ = IIo + ^ = a constant

these expressions representing the ‘‘ total heads ” at the beginning and

end respectively of the delivery tube
;
and the sum of the pressure

and kinetic energies in the tube being a constant

—

ThenH, = H,

the value of v for any section of the tube being obtained as explained

above
; and the value of P being equal to wJl as before, we may

write

—

__
P,
^w ~~

IV 2(j

Weight of Feed Water per Pound of Steam.—Assuming the steam

supply to be dry, and reckoning from 32® Fahr.

—

Heat-units contained in the steam per pound = /ii -f Li

„ „ feed-water per pound = hj

„ „ mixture per pound = (1 -j-

Then, neglecting losses by radiation, the pounds of feed-water

supplied per pound of steam used by the injector may be obtained

when we know the rise of temperature of the water passing through

the injector. Thus

—

Gain of heat by feed-water = WCkj — /jg)

Loss of heat by the 1 lb. of steam = Lj -f- Ai —
The kinetic energy of the jet)

4. wv— X
^

expressed in heat-imits ( v "t J2g 778

Then—
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L, + I, - h, = (1 + X + W(A, - I,)

Loss by steam = kinetic energy of jet + gain by feed

Neglecting the term representing kinetic energy, which would be

very small—
L, + /h

- = W(h, - h,)

^ _ Li 4- — h.j

-

- the weight of feed-water lifted per pound of steam
supplied to the injector

The overflow is assumed to be open to the atmosphere, and tlierefore

the temperature of the jet cannot exceed 212*^ Fahr. Jt is seldom
higher than 170*^ Fahr.

The temperature of the water passing into tlie boiler depends upon
the fact that the steam from the jet must all be condensed as it

leaves the steam-nozzle.

The temperature of the water with which the injector is supplied

must be low enough to condense the steam from the steam-nozzle,

otherwise the injector will not work. The weight of water delivered

per pound of steam used is about 13 lbs. for locomotive in-

jectors.

As the initial temperature of the feed-water is increased, the weight

of steam required to lift a given weight of feed-water increases.

Efficiency of the Injector.—The mechanical work performed l:>y th(i

injector consists in lifting the weight of feed-water through a height

7^, and delivering it into the boiler against the internal pressure.

XJ = \Wh -f (W + l)7^,,} jin heat-units

where U ?= work done; = the equivalent head = p x 2*3 due to

the pressure, where 2*3 = head in feet per 1 lb. jwessure
;

and
W = pounds of water delivered per pound of steam.

If considered as a pump, the efliciency is

—

L, + A, - h,

where the denominator represents the number of units of heat given

up by the steam to perform the work.

The Thermal Efficiency, E^, of the injector is unity, for -

/ Heat supplied \ ^ f
work done in lifting and

^
heat restored

from boiler y v injecting feed-water y ^ to boiler y

or — •

U 4- W(h - h')
- L, + h, - h,

That is, all the heat expended is restored either as work done OP
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in heat returned to the boiler, and the value of the above frac-

tion = 1. It should b(^ noted, however, that the heat is returned at

a lower temperature.

When a boiler plant is provided with an economizer or feed-heater,

the injector may be made to supply the feed through the feed-heater,

and the hot feed from the injector may thus be still further heated
in the feed-heater on its way to the boiler.

The Lifting Injector.—The property possessed by the injector

enabling it to lift water depends upon its power to reduce the

pressure in chamber A (Fig. 187) below that of the atmosphere.

There is no difficulty in continuing the water-supply when it has

once entered the injector, because of the vacuum formed by the con-

densation of steam in the combining tube
;
but to raise the water in

the first place, the jet of steam passing out of the nozzle at a high

velocity must act first as an ejector entraining the air away from the

chamber A and carrying it forward through the combining tube, thus

causing a vacuum in A.
For this purpose the steam must have a free 'passage through the

instrument sufficient to prevent any throttling of the steam as it

issues from the nozzle, otherwise a pressure will be set up in A
greater than that in B (Fig. 187) which is open to the atmosphere,

and no water will be lifted.

This freedom from throttling of the steam as it passes along the

combining tube may bo accomplished in two ways : first, by arranging

for a small amount of steam to pass through the jet by only opening

slightly the steam-spindle
;

or, secondly, if a large flow of steam is

passing through the nozzle, to arrange for a self-acting method of

enlarging the area of exit for the steam, to prevent its becoming
throttled in the injector. Injectors fitted with such an arrangement
are termed automatic, self-acting, re-starting injectors.

“ Automatic ” Injectors.—These are injectors which, if stopped in

their action by jolting, as on a locomotive, or from any other cause,

automatically re-start, and continue to work without requiring any
readjustment of the steam or water supply, as would be necessary if

the injector were of the type previously described.

The methods adopted in order to fulfil the condition of automatic

re-starting are show n in Figs. 191 and 192. Fig. 191 is a standard

pattern as made by Messrs. Holden and Brooke. Fig. 192 is the
‘‘ split-nozzle injector, in which it will be seen that the combining

tube is split longitudinally for rather more than half its length.

The loose half forms a flap, and hangs freely from a hinge. When
the injector is not at work the flap hangs open, and thus affords a

large area for escape of steam through the overflow.

When steam is turned on it flows freely through the injector,

entraining air with it, forming a vacuum in the suction pipe and
drawing water into the instrument. When the water reaches the

combining tube, the steam is condensed, a partial vacuum is formed,

and the flap instantly closes, the overflow being in communication
with the air. The split nozzle then acts as an ordinary solid

N
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combining tube, and the water is

STEAM

carried forward through the

delivery tube into the boiler.

The Holden and Brooke in-

jector (Fig. 11)1) is similar in

principle to tlie flap, but the

flap valve is placed in the

Fin. 192.

shell of the injector instead of in the nozzle.

The Exhaust Injector is similar in principle to an ordinary injector,

and dillers from it chiefly in having a steam-nozzle of very wide bore.

The feed-water supply to the exhaust injector must be arranged to
flow into the injector.

Fig. 1 93 shows the attachment of the exhaust injector to a boiler.



CHAPTER XIL

CONDENSERS.

The condenser is a chamber into which the steam is passed and con-

densed instead of being exhausted into the air.

The object of the condenser is twofold, being first to remove as far

as possible the effect of atmospheric pressure from the exhaust side of

the piston by receiving the exhaust steam and condensing it, thus
reducing the back pressure from 16 or 17 absolute to 3 or 4 lbs.

absolute
;
and, secondly, to enable the steam which acts on the piston

to be expanded down to a lower pi*essure befor*e leaving the cylinder

than can profitably be done when the steam exhausts into the air.

In compound engines, since the influence of the condenser acts in

the largest cylinder, the proportional increase of power will be large,

varying from 20 to 30 per cent., depending on the proportion which
the increase of mean pressure bears to the original mean pressure

of the engine referred to the low-pressure cylinders. The proportional

gain by a condenser will thus be greater as the power of the engine
is reduced.

Condensers are of various types, which may be divided as

follows :

—

1. Those requiring large quantities of cold water for the purpose of

condensing the exhaust steam, including

—

() Jet condensers
;

(?>) Surface condensers

;

(r) Ejector condensers

;

where in each case the cooling water passing from the condenser flows

away to waste.

2. Those requiring very small quantities of water, the place of the

continuous water-supply being taken by an extended cooling surface

exposed to currents of air, and including

—

{a) Evaporative condensers

;

() Ordinary condensers combined with a system of air-cooling of

the condensing water.

The jet condenser, as its name implies, condenses the steam by
means of a jet of cold water, and is illustrated by Fig. 194.

The?* steam, on being exhausted from the cylinder, passes into the

condenser C, where it is condensed by the jet of cold water. The
condensed steam and injection water must now be removed by means
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of the air-pump AP, so called because it remoTes the air which comes

into the condenser with the injection water and also with the steam.

The air thus introduced to the condenser is cumulative, and would

soon set up a large back

pressure unless re-

moved. The amount of

air by volume in in-

jection water is said to

average 5 per cent, of

the volume of the water.

The condensed steam,

injection water, air, and
vapour are pumped into

the hot well HW, and
thence flow chiefly to

waste. The feed-supply

for the boilers is taken

from this source.

The suction valve of

the air-pump is called

the foot valve, and the

delivery valve is called

the head valve.

Another form of jet

condenser and air-pump used for horizontal engines as made by
Messrs. Tangyes of I3irmingham is shown in the diagram, Fig. 195.

The air-pump rod is an extension of the piston-rod through the

back end of the cylinder. The exhaust steam enters the condensing
chamber C, where it is met by the cold-water spray J and condensed.
The condensed steam and injection water are removed from this

chamber by the air-pump AP, which draws it through the suction-

valves FV, and forces it forward through tlie delivery valve HV into .

the hot well HW, from which the boiler-feed may be taken. The
remainder overflows.

The steam should enter the upper portion of a jet condenser so that

there is no danger of the water flowing back to the cylinder, and in

all cases the injection supply should be carefully regulated, and shut
oflT before or at the same time as the steam-supply is closed when the

engine is stopped.

The condenser should be so shaped that the water may flow readily

by a fall from the condenser to the bottom of the air-pump.

The capacity of a jet condenser may be generally one-third that of

the cylinder or cylinders exhausting into it.^

Surface Condensers.—The surface condenser has now entirely

superseded the jet condenser for marine work, and it is employed
for stationary work in cases where it is desired to return the condensed
steam as feed to the boilers, as when the condensing water is too dirty

or too full of impurities to be used as feed.

* Seaton’s “Manual of Marine Engineering.”



CONDENSERS. i8:

Up to about the year 1860 the pressure of steam in marine boilers

Was not more than 30 lbs. to the square inch, and the boiler-feed

Was taken from the hot well of a jet condenser. This water

.ysv_ _/c5v_

m

1 m

Fig. 195 .

was practically as salt as sea-water, owing to the fact that the

condenser was supplied with a sea-water injection, the sea-water and

the exhaust steam being in the proportion of about 30 to 1 by weight.

Even with the low boiler-pressures then used, the salt in the boiler

was a serious drawback, for sea-water contains of its weight of

solid matter dissolved in it, and when evaporated, the whole of the

dissolved solid matter is left behind to be deposited on the boiler-

plates, forming a more or less solid incrustation. This incrustation is

a bad conductor of heat, and further, since it keeps the water from

contact with the hot furnace-plate, there was great danger of the plate

getting red hot, and the top of the furnace collapsing. To prevent

the water in the boiler from becoming too much saturated with salt,

it was necessary to “blow off” a portion of the contents of the boiler

from time to time, and to supply its place with a fresh supply of

sea-water. By thus blowing away to waste large quantities of hot

water, a considerable waste of heat was evidently the result.

But when steam pressures began to increase—this being made

possible by the introduction of mild steel plates for boiler construction

the difficulty arising from the presence of salt in the feed-water now

became more serious, for at higher temperatures and pressures the

presence of solid matter is much more mischievous and dangerous.
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Hence the introduction of the surface condenser, which does away with

the necessity of feeding the boiler with salt water
;

the condensed

steam itself being kept separate from the condensing water, and the

condensed steam alone being pumped back again to the boiler as a

hot fresh-water feed. For the steam is here condensed, not by being

mixed with large volumes of cold water, but by coming in contact

with cold metallic surfaces.

Thus the great advantage of the surface condenser consists in its

providing a feed to the boilers free from sea-salt in solution.

Starting with the boilers filled to the working level with pure

water, this same water is used over and over again indefinitely, the

ExkaccMt

Fig. 196 .

only additional feed being that necessary to make up for the small

waste from leaky glands, loss l)y safety-valves, etc.

The general arrangement of a surface condenser is shown in Fig. 196.

The cold metallic surface required by which to condense the steam

is provided by means of a large number of

thin tubes through which a current of cold

water is circulated. This arrangement

supplies a large cooling surface within

comparatively small limits of space.

The tubes are made to pass right through

the condensing chamber, and so as to permit

of no connection between the steam and

condensing water. The steam is exhausted

into the condenser, and th^re comes in con-

tact with the cold external surface of the

tubes. It is then condensed, falls to the

bottom, flows into the air-pump chamber,

and is pumped into the hot well, from which

the feed-pump passes it forward to the

boiler.

The tubes are secured to tube plates as shown (Fig. 197), and outer
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covers are placed over each end, space being left to allow of circulation
of the cooling water as shown by the arrows.

The cooling water in forced through the tubes by means of a

Fiu. 11)8.

cirmlatmf/ sometimes of an imh^pendent type, as shown in Fig.

19(S, though fre(|uently of the simple plunger type work(‘d directly

from the engine.

The cold circulating water* (inters at the bottom corner of the

condenser thi\)ugh a
,

flanged opening in the

cover, and it is com-

polled to pass flrst I

through the lower s('t 1

of tubes by a hoidzontal
\

dividing-plate, and to

return thi*ough the up-

p(iT* rows to the outlet

leading to the overflow.

Fig. 199 illusti’ates

a surface condens(ir and
air-pump as applied to

marine engines, the

pumps being driven

from the main engines

by side levers worked
by links from the cross-

head.

The Vacuum Gauge.
—The vacuum gauge

records the diflerence

between the pressure 199 .

of the external air and
the pressure in the condenser in inches of mercury, not in pounds
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per square inch. The face of the gauge is graduated from 0 to 30

in. of mercury. One inch of mercury = 0*491 lb. pressure. This is

usually taken as 0*e5, and then 1 lb. pressure = 2 in. of mercury

approximately.

To convert the reading of the vacuum gauge into pounds per square

inch pressure measured from absolute zero, take reading of vacuum
gauge, subtract from 30, and divide by 2.

Independent Air-pump and Condenser.—To convert a non-condensing

plant into condensing, a simple method is to hx an independent con-

Fig, 200

denser and air-pump worked by its own separate steam-cylinder.

Such an arrangement is shown in Fig. 200, which illustrates the

Worthington independent jet condenser.

Exhaust steam eiitjers at A and passes into the vacuum chamber F,

through a spray of cold water issuing from the cone valve D, the

cold-water supply being connected at B. The quantity of cold injection

water is adjusted by the wheel E.

The condensing water and condensed steam are removed by the air-

pump G, through the suction valves H, and the discharged valves I,

to the discharge pipe J.

The Worthington pump is ‘‘ duplex that is, there are two steam-

cylinders and two pumps working together side by side, forming one

set, and so combined as to act reciprocally, each on the steam-valve of

the other. The one piston acts to give steam to the other, after which
it finishes its own stroke, and waits for its valve to be acted upon
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before it can renew its motion. This pause allows all the valves to

close quietly, and prevents shocks. One or other of the valves is

always open, and there can therefore be no dead point.

Fig. 201 illustrates the Wheeler independent surface condenser

mounted on its own air and circulating pumps, these pumps being

driven by a single separate steam-cylinder shown between them.

Fig. 201.

A feature of this condenser is the “ double-tube system ” of con-
veying the cooling water, as shown in Fig. 202. The circulating or
cooling water enters at the outer end of the smaller internal tubes,

which extend nearly to the far end of the larger tubes. The small
tubes are open at the inner end, and the large tubes are closed at

Fig. 202.

that end by a brass cap. Thus the water, after passing through the
small tube, returns in the opposite direction through the annular
space between the two tubes. By this device the surface exposed per
unit weight of cooling water supplied is considerably increased.

The water passes from the lower group of tubes to the higher, as
shown by the arrows, and after passing in a similar manner through
the upper group of tubes, leaves the condenser at the top.

Weight of Water required per Pound of Steam condensed.—Each
pound of cooling water entering a jet condenser will gain — units
of heat, and each pound of steam condensed will lose H — <2 units of
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heat
;
where tg = final temperature of mixture of condensed 'steam and

injection water, tj = initial temperature of injection water, PI = total

heat of steam at pressure in exhaust pipe. If W = weight of cooling

water required per pound of steam, then

—

W(<., - /,)
= H ~ 32)

H-«,-32)
h - U

This assumes the steam dry at exhaust, which is sufficiently accurate

for practical purposes.

The weight of water required for condensing in surface condensers

is somewhat greater than that in jet condensers, because in surface

condensers the final temperature of the cooling water on one side

of the cooling surface must always be less than that of the steam
on the other side of the surface

;
whereas in the jet condenser the

condensing water and condensed steam are both finally at the same
temperature (^.^). P''or surface condensers, assuming the exhaust steam
from the cylinder is dry

—

H-(<,-32)
I, - t,

H — <2 —32 being the heat lost by the steam, and being the

heat gained by the condensing water.

The Injector Condenser.—This apparatus, as constructed by Messrs.

T. Ledward & Co., is illus-

trated in Figs. 203 and 204.

The cold water, which should

b(i supplied from a head of 15

to 20 ft., enters the apparatus

through a contracted nozzle as

shown, and passes forward in

the form of a round solid jet

through a series of coned

nozzles, and at a suitable ve-

locity obtained from the head
of water in the supply pipe.

The exhaust steam entering

the apparatus flows into the

annular spaces between the

cones, and is condensed by
the stream of cold water and
rapidly carried away

;
and this

condensation of the exhaust
steam takes place so rapidly

as to maintain a high degree
of vacuum in the exhaust
chamber.

Where a natural fall of

water is not available, a pumpFig. 208.
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must be used to raise the water to the required height, or to force

the water direct into the condenser.

With this apparatus a vacuum can be obtained before the engine

starts, which is in some cases an advantage.

No air-pump is required with the ejector condenser. It will be

Fig. 204.

noticed that the ejector condenser delivers a stream of water against

atmospheric pressure while there is a more or less perfect vacuum in

the condenser itself. This is due to the kinetic energy of tlie jet of

water being able to overcome atmospheric resistance. The amount

of condensing water required per pound of steam condensed may be

calculated in the same way as already described for the jet condenser.

Evaporative Condensers.—The chief difficulty in the way of

working engines condensing instead of non-condensing has usually
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been the absence of a good supply of water, the quantity required

in surface and jet condensers being from twenty to thirty times the

weight of the feed-water used. But with the introduction of the

evaporative condenser, the absence of a good water-supply is no

longer a difficulty, as the same result may be obtained by the action

of air on an extended cooling surface. By the use of such an extended

external cooling surface, it is possible with a supply of cooling water

no greater in amount than that used by the boiler feed, or even less,

to secure an efficient vacuum.

The increase of power, or increase of economy of steam for the

same power as compared with working non-condensing, as already

stated, may be considerable, while after the first cost of the apparatus

the working expenses are practically nothing. Thus if the mean

etfective pressure on the piston without a condenser is 30 lbs. per square

inch, and this mean pressure be increased by an additional 12 lbs.

due to removal of back pressure by the condenser, we have a gain

of 40 per cent., and this gain would probably be a very good interest

on the outlay.

The evaporative condenser, as made by Messrs. Ledward & Co.

(Fig. 205), consists of a series of pipes arranged and constructed

so as to afford a large external radiating surface, over which small

streams of water aru allowed to slowly trickle. The exhaust steam

enters the system of pipes at one end, the other end being connected

with an air-pump which maintains a vacuum in the pipes. The

exhaust steam parts with its heat by evaporation of the water on

the external surface of the pipes. A circulation of cooling water is

continuously maintained by means of a circulating pump, which

feeds from the collecting tank below the system of pipes.

The apparatus just described is in all respects similar to an ordinary

surface condenser.

Condensing-water Coolers.—The illustration (Fig. 206) shows an

arrangement by Messrs. Worthington for re-cooling the condensing

water, which is discharged from an ordinary jet condenser. This

arrangement is not to be confounded with the evaporative condensev
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The feature of the arrangement is that the condensation may be

maintained continuously by the use of a comparatively small original

Fig. 206 .

supply of cooling water, this water, which is used over and over

again, being successively heated in the condenser and cooled in a

cooling tower.
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The heated water, on leaving the condenser, is raised to the top of

the tower, where it is distributed, and cooled by means of a current of

air induced by a fan, and finally returned to the storage tank, from

which it is again drawn for re-use in the condenser.

A small portion of the water is evaporated in the tower, but the

amount so evaporated is less than that of the condensed steam by

which the injection water is continuously augmented in the condenser.

The cooling surface within the tower is made up of series of hollow

cylindrical tiles arranged one above the other but not concentrically.

In this way a large cooling surface is provided.

The hot water from the condenser passes up by a pipe through the

centre of the tower, and is sprayed over the top row of tiles by distri-

buting pipes, which rotate around the central pipe
;
the rotation being

accomplished by the reaction

of the jets of water issuing

from the sides of the rotating

pipes.

The Edwards Air - Pump
(Fig. 206a).—The feature of

this air-pump is that the foot

valves, and the bucket valves

of the ordinary type of air-

pump are dispensed with, head
valves only being required.

The condensed steam flows by
gravity from the condenser into

the base of the pump, and from
thence it is ejected mechani-
cally by means of a solid conical

piston descending upon the

base, which is also conical,

and which fits the piston when
the piston is at the bottom of

its stroke.

When the conical piston

descends, the water is projected

Fig. 206a. at a high velocity, silently and
without shock, through the

ports shown at the'* bottom of the working barrel of the air-pump.

The rising piston or bucket closes the ])orts, traps the air and water,

and discharges them through the valves at the top of the barrel. This
pump is said to be equally successful at high and low speeds.



CHAPTER XIII.

FEED-WATER HEATERS.

The importance of heating the feed-water su})plied to boilers cannot
1)0 too frequently impressed, from the point of view not only of

economy, but also of the durability of the boiler.

The economy obtained by the use of feed-water heaters arises from
the fact

:

(1) That the heat used for the purpose of feed heating is usually

heat which would otherwise have been wasted : as in exhaust feed

heaters and waste chimney-gas feed heaters.

(2) That the evaporative })ower and efUciency of the boiler are

increased when the solid matter dissolved in the feed-water has been
first separated and deposited in the feed-heater, rather than on the

more effective heating surface of the boiler.

The economy obtained by using heat for feed heating which would
otherwise be wasted, may be illustrated numerically as follows :

—

Suppose steam supf)lied from the boiler at 150 lbs. pressure by
gauge. Then the total heat per pound from 32® - 1193*6 units; or if

the cold feed-water is at GO® then the net heat per pound required

= {1193*6 - (60 - 32) (
=

1165*6 thermal units with CAIN BY FEED HEATING

a cold feed-supply. steam at too lbs.

If now the temperature

of the feed-water is raised

to 200®, we shall require ^
from the boiler furnace, <
for each pound of water

evaporated (1193*6 — (200 ^
— 32) } = 1025*6 thermal g
units, which is a gain of ^
140 , ^

iT65*6
^ ~ 12 per cent.

The diagram (Fig. 207)

shows the extent of the

gain by heating feed water.

Thus, referring to the in-

clined line drawn through

a feed temperature of 40®, it is

0 « 40 60 60 100 120 160 200 240 280 320

TEMPERATURE OF FEED

Fig. 207.

seen that by heating the feed to 160'^
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the gain is over 10 per cent.
;
or if it is raised to 280° the gain is

over 20 per cent. The inclined lines have been plotted from calcu-

lation.

A good form of exhaust-steam feed-heater, as made by tli(i Wheeler
Engineering Company, is illustrated in Fig. 208,

The exhaust steam enters the lower part of the heater, passing

around and among the tubes, and leaves by an exit towards the top

of tlie heater. The space sur-

rounding the tubes in the heater

is made large enough to allow a

free passage of the steam with-

out increasing back pressure.

The cold feed-water passes

through the tubes, entering at

the bottom and passing upwards
to the top through one half of

the tubes, and downwards to the

bottom through the other half.

The tubes are screwed into

the tube-plate at one end, and
at the other end pass through a

stuffing box, so that the tubes

arc free to expand independently

of the body of the condenser.

The feed-water and that part of

the heater containing it, are

under boiler pressure, and must
therefore be constructed of suit-

able strength for the purpose.

The feed-water is forced into

the boiler by the feed pump,
through the heater, against the

Fig. 2^8. pressure of the boiler.

A feed-water heater may be

of value even in condensing engines, the heater being then placed

between the engine and the condenser. The gain in such a case is

due to the fact that the temperature of the water in the hot well is

usually much lower than that corresponding with the pressure of

the steam in the exhaust pipe. For example, the water in the hot

well may not be more than 90°, while the temperature of the steam

in the exhaust pipe may be 150°.

The use of the exhaust steam from auxiliary engines for the

purpose of feed-heating is considered good practice.

Feed-heating by Steam from the Eeceiver of a Compound Engine.^

—

It has been already pointed out that the maximum efficiency of a heat

T — T.
engine is expressed' by the equation -^-

7p— where Tj = initial
1

1

* See an article on “ Feed Water Heaters,” by Dr. A. C. Elliott, Engineering^
January 11 1895.
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temperature of the working fluid, and Tg = the temperature due to the

back pressure against the piston.

But the efficiency of the steam-engine cycle falls short of this,

owing to the heat of the feed not being supplied at the maximum
temperature, but along a gradually increasing temperature line.

The useful work done falls short of the Carnot cycle by the dotted

triangle aeh (Fig. 209).

This efficiency, however, may be further approached by the

method of abstracting heat from the working steam by stages during

expansion, from the high-pressure cylinder downwards towards the

condenser, for the purpose of heating the feed-water. The cycle then

becomes similar to that of the engine of Dr. Stirling, who applied

the regenerative principle of adding and subtracting heat to and

from the working fluid by means of a regenerator. Thus, in Fig. 210,

if, instead of expansion along ct from T^ to Tg, heat is abstracted for

Fig. 209 .
Fig. 210 . Fig. 211 .

the purpose of feed-heating equal in amount to the area mdcg

;

then,

if the heat, mdcg, so abstracted be transferred to the working fluid,

and the amount transferred per pound be equal to that required to

raise the temperature of the 1 lb. of feed-water from Tg to T^, namely,

fabh

:

then the net heat added = area Jihcg ; and the net heat rejected

= area fadm = area hstg ;

abed sbet Tj —
and the efficiency = =

hheg
"" ~

The system introduced by Mr. Weir of heating the feed-water by

steam taken from the receiver between the cylinders of compound

engines is an approximation to the same result. Thus, instead of

the expansion being carried along the adiabatic line, cd, from c to d,

it expands from c to e (Fig. 211) in the high-pressure cylinder, and

then a portion of the dry steam, namely ep -7- em, is extracted from

the receiver to heat the feed-water. If an indefinite number of small

o
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portions be extracted, then the irregular line, ceps, will approach
nearer and nearer to the dotted line, ch, and the efficiency becomes
equal to (Tj - T^) 4- T^.

Taking a numerical example : Compare the efficiency of a triple-expansion engine
with and without feed-heating, the feed being heated iu the former case by steam
from the receiver between the intermediate and low-pressure cylinders (Fig/212).

' Initial absolute temperature of steam Tj = 842®
Temperature in exhaust-pipe Tg = 6)24°

Temperature in receiver 112 = ^3 = 740°
Absolute temperature of air-pump delivery = 590°

Suppose 10 per cent, of the steam be taken from receiver Rj temperature T3 to

heat the feed-water.

1. Efficiency without feed-heating:

—

To find the value of U = the number of units of heat converted

into work with steam working from and expanding down to Tg, and
exhausting at that temperature.

Total work done without feed-heating = U

= (1437 - 0-7
~

+ (T, - T,) - (see p. 54)

= (847-6 X 0-2589) + 218 - 187-2

= 250-24

Also, total heat-units supplied per pound of steam—
= n = 1437 -f- 0-3Ti from absolute zero
= 1082 -f-

0-3< from 32° Fahr.

Or from feed-temperature 590° absolute

= (1437 + 0-3T,) - 590 = 1099-6 units

U 250-24
therefore eflBcienoy = E =^ = = 0-22819
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2. Efficiency with feed-heating :

—

If U = work done per pound working from Tj to T2

M » TjloTa
TJ^ = total work done

Then, since - lb. of the steam passing through the engines is removed

at Tg, the total work done per pound

= u, = i^u + !-u.

But the value of U has been found, and it only now remains to

find the value of Ua, the process being exactly the same as in finding

U, substituting Tg for Tg throughout ; thus, to find TJ„, or the work
done per pound of steam working between the temperatures Tj

and Tg

—

. U„ = (1437 - 0-7 + (T, - T^) - T3 log,^
= 847-6 X 0-12114 + 102 - 95-608

= 109*072 heat-units.

Total work done (U^) by the steam when
^

is extracted from the

receiver ; and when w = 10 ; then

—

U.=
n — 1

U+^U„
n n

= 0-9 X 250-24 + 0-1 X 109 072
= 236-123 heat-units.

But the work done when no steam was withdrawn from the

receiver was equal to 250*24, and is, of course, greater than when
steam was withdrawn from the receiver. Before, however, we can
compare the efficiencies of the two systems we must find the net

heat supplied in each case, and for this purpose, in the latter case,

we must find the temperature (Fj) of the hot feed obtained by this

system of feed-heating.

Thus, if F be the temperature of the unheated feed-water, and
1437 -f- 0*3Ti = the total heat of steam when temperature is expressed

in absolute units, we have

—

Fi = F
1437 + 0-3 Ti - U«

n

== (590 X 0-9) + (1689 6 - 109-072) X 0-1

= 689-05

Then net heat supplied with the hot feed from receiver = H^, and

Hi = 1437 + 0-3Ti - Fj

= 1000-55

We can now compare the efficiencies

—
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EiBciency without hot feed = 0‘22819 as already found.
^ IT 236*123
(2) Efficiency with hot feed = Ej = =

jqqq.^^
= 0*236

There is, therefore, a gain in favour of the system of heating the

feed-water by steam withdrawn from the receiver in the proportion

of 0*236 : 0 22819, or a gain of 3*4 per cent.

The economy obtained by feed-heating may be well seen by
reference to the temperature-entropy diagram (Fig. 213). Thus,

caking the data used in the

842*/^
^ above problem, the diagram

/ represents first the heat in

3^6 s the feed-water which is in-

^ eluded within the area to

--e the left of ha. The tem-

perature of the water from
the hot well is given as

590° Falir. absolute. This

is seen to be 34° below the

temperature of the exhaust
steam. It should here be
noticed that the tempera-

ture of the condensed steam
passing away through the

air-pump is always below
that due to the pressure in

! r f the condenser, in conse-

•pjQ 213, quence of the cooling due
to the excess circulating

water passing through the condenser. This excess is necessary,

otherwises, the condensed steam in the condenser being near its

boiling-point, the air-pump would not work.

With the conditions already described, the heat required per pound
of steam, when the feed is drawn direct from the condenser, is given

by the area haedfh. By the arrangement described of supplying

steam from the receiver to heat the feed, the temperature of the feed

has been raised, and the total heat now required to generate 1 lb.

of steam is reduced by the area hanmh, making the net heat required

= mnedfm. This has been accomplished at the expense of a loss of

heat = vtsfv^ or a loss of useful work = rtse. The net gain has been

shown to be 3*4 per cent.

Peed-water Filters.—The chief objection to the use of condensed

steam as a boiler-feed is the presence of oil carried out of the

cylinders with the exhaust steam, and which, if pumped into the

boilers, may cause serious trouble through deposit on the furnace

plates. Too much care cannot be taken to prevent oil passing into

the boilers, and, for the purpose of separating the oil, the feed-water

is passed through a feed-water filter.

If a sample of unfiltered feed-water from the hot well of a surface

condenser be drawn oflF, it will be seen to have a slightly milky
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appearance, and to be soapy to the touch. When this water is

passed through a good filter, the oily constituents are almost entirely
removed.^

These filters consist essentially of a series of layers of filter-cloths

and fine grid-wire meshes, through which the feed-water is either

drawn or forced by the feed-pumps, and is thereby cleansed of

suspended matter.

The filtering material meantime becomes gradually laden with a
dark viscous muddy deposit, consisting of heavy oils and certain

mineral matter. This deposit is periodically removed from the filter

by cleaning or renewal of the filtering medium.

I

SLUOQC

Fig. 214.

The filter, of course, removes solid matter only ;
the impurities dis-

solved in the feed-water pass forward into the boiler unless removed

in a feed-water heater or by chemical means. The efficiency and

duration of a filter depend upon the nature of the filtering material

and upon the thickness or number of strata through which the feed-

water passes. T^e filter should be placed at the point of lowest

possible temperature of the feed-water, for the lower the tempera-

ture the more viscous and the less fluid is the condition of the oily

matter, and the more easily it is separated from the feed-water.

1 See article by Mr. N. Sinclair, in Cottier'» Magazine, October, 1897.
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Fig. 2l4 is a type of feed-water filter made by the Harris Filter

Company.^ The arrangement speaks for itself.

To reduce the amount of oil returned to the condensers from the

engines, regulations have been introduced, in some cases of marine
practice, prohibiting the use of oil in the cylinders, not only of the

auxiliary, but also of the main, engines
;
and experience has shown

c

Fig. 215.—C = connection from main steam-pipe
; D = condenser ; E = pipe for

transmitting pressure of head of water in condenser D to oil-chamber ; Gr = oil-

chamber ; H = plug* valve for filling oil-chamber
; K = valve for regulating

delivery of oil ; L = sight-feed glass tube, showing delivery of oil in drops

;

M = connection to steam-chest of engine, or to steam-pipe, for delivering the
oil ; N = valve for running off condensed water from oil-chaml)er.

that vertical engines may be worked without any lubrication of the
pistons except by the water in the cylinder; but there is certainly

a loss of efficiency in most cases, due to increased friction.

The Sight-feed Lubricator has been a most valuable invention,

as it provides for a regular supply of oil to the cylinder, and in

' From Gamer's Magazine^ October, 1897.
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minimum quantities. The diagram (Fig. 215) illustrates Grandison’s

condenser type of sight-feed lubricator. This lubricator acts by the

pressure obtained from the head of water contained in the condenser

D and the vertical pipe E, comiecting it to the bottom of the oil-

chamber G. When first fixed, the condenser and pipe are filled by
hand, or allowed to fill by the condensation of steam admitted by the

pipe C attached to top of the tube. The oil-chamber is filled with

oil through the plug valve H, and the sight-tube L is filled with,

water. The valves F and K at the bottom of the condenser-tube

and sight-tube respectively are then opened, the condensed water
enters the bottom of the oil-chamber, and by its pressure displaces

the oil, which flows from the top down the small centre tube, and is

forced through the nozzle inside the glass tube L. The oil leaves

the nozzle in drops, and ascends through the water in the tube, and
thence through the pipe to the steam-chest of the engine. The
rate of feed or number of drops is regulated by the valve K at the

bottom. When the oil is exhausted, it is replenished by first closing

the inlet and outlet valves, removing the plug valve H, and running

the condensed water ofi* by the small valve, N, at the bottom. This

valve is then closed, and the chamber refilled with oil.



CHAPTER XIV.

GOVERNORS.

Regulation of the Speed of the Engine.—Variation in speed of an
engine may be due to variation of load on the engine, or to variation
of mean pressure of the steam in the cylinder. When the variation
Is of the nature of a gradual increase or decrease of speed extending
over a number of revolutions, such variation is controlled by the
governor. When, however, the speed of rotation tends to vary
during the period of a single revolution, due to variable turning
effort on the crank -pin, or to sudden change of load, as in a rolling

mill, such variation is regulated by the flywheel.

The object of the governor is to maintain as nearly as possible a
uniform speed of rotation of the engine independently of change of
load and of boiler-pressure.

None of the governors applied to steam-engines are able to accom-
plish this result perfectly, for, being themselves driven by the engine,
they cannot begin to act until a change of velocity has first occurred
to give motion to the regulating mechanism.

In practice, however, when any change of velocity does take place,

a good governor instantly acts and

^ prevents anything more than a small
alteration of speed.

Governors regulate the speed by
regulating the mean pressure of the
steam acting on the piston. This is

usually done in one of two ways—
fi

^
1. By throttling

;
that is, by vary-

ing the initial pressure of the steam
supplied, the point of cut-off remain-
ing constant.

2. By variable expansion
; that is,

by varying the point of cut-off in the
cylinder, the initial pressure remain-
ing constant.

The principle of action of most
governors depends upon the change

Fio. 216. of centrifugal force when the rate of

rotation changes.
In the case of a simple revolving pendulum, let W = weight of
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ball, and F = centrifugal force due to speed of rotation, h = height

of cone of revolution, and r = radius of rotation of ball. Then,
if the speed of rotation is constant, the ball remains at a constant

distance, r, from the axis of rotation by the action of the centri-

fugal force F. The measure of the force necessary to maintain the

ball at this constant distance, r, may be shown by means of a weight,

F, hanging over a pulley, as shown (Fig. 216). Then, taking moments
about A

—

F X A = W X r

So that, knowing the values of W, r, and h for any given governor,

and neglecting friction, F can at once be found by calculation.

Fig. 217 illustrates a simple type of pendulum-governor, the action

of which, as will be seen by the figure,

balls, to cause a movement of the sliding-

sleeve E upwards or downwards on the

spindle, and thus give motion to the

bell-crank lever C, which, in this case,

regulates the opening and closing of the

valve through which the steam is sup-

plied to the engine.

Suppose a governor of the kind de-

scribed is supplied for the purpose of

attachment to an engine. There are, in

the first place, at least two important

points to be determined

—

1. At what speed must the governor

be made to run. This information is

needed in settling the sizes of the pulleys

or wheels by which the governor is driven

from the engine-shaft.

2. Through what range of speed will

the governor run during the movement
of the sleeve from its bottom to its top

position. This must be known, because

for any other speeds outside this range
the governor may rotate on its axis, but
it will in no sense be a governor, and will

serve no purpose whatever.

A certain speed of rotation must be reached before the balls move
from their position of rest. When this speed is reached, the governor

begins to act.

If, when the speed increases, the governor reaches its top position,

cand in doing so does not close the steam-supply to the engine, then the

speed may go on increasing, but the governor is no longer acting as a

governor. It acts as a governor only between the range of speed that

belongs to it while moving from its bottom to its top position.

Let Fig. 218 represent the configui*ation of the governor when in its

bottom and top positions respectively.

is, by the rotation of the
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Then F X h = 'W X r

r
r=w-,-

and F is therefore known for both positions, r and li being deter-

mined by measurement, and W being the weight of one ball (omitting

for simplicity the weight of the arms). Or F may be determined by
experiment, as shown in Fig. 216.

Having found F, we have now to find the speed of rotation which
will generate a centrifugal force equal

to F.

It is shown in works on theoretical

mechanics that centrifugal force

—

r ^ qr q

. 1 /Fr/ ^ 1 /Tj
and«=27rV W;-"2;r\/A

where n = revolutions of the governor
per second, and r = radius of rotation

in feet.

This may be conveniently written

—

F = X 0-00034

where N = revolutions per minute
;
r =

radius in feet.

We may now find the speed N of the

governor for the two positions shown in the sketch. Fig. 218.

1. Suppose W = 5 lbs., and taking first the lowest position of the

governor balls, and finding the values of r and h by measurement

—

F X A = W X r

F X 13*5 = 5x6
F = 2‘221bs.

Then W = 2*22 -4- (5 x 0*5 x 0-00034) = 2614
N = 51 revolutions per minute

2. To find the speed in the upper position

—

F X =^'W X r

F X 10-5 = 5 X 10-5

F = 5

N' =r 5 -r- (5 X *875 X 0*00034) = 3361
N = 68 revolutions per minute

Here the range of speed of the governor is from 51 revolutions per
minute in its bottom position to 58 revolutions in its top position.

The effect of friction in the working parts of the governor will be
referred to later.

Height of Cone of Revolution.—The relation between the height

i w
Fig. 218.
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h of the cone of revolution (Fig. 219) and the speed of the governor
is obtained from the following equation :

—

F X A = W X r

•
-L.Since F =

<jr

Wv-— X /t = W X r
9*-

But V = 2irrn = 2wr
N

where n = revolutions per second, and N = revolutions per minute

;

gr^ gr^ x 60 X 60 x 12 35200 .

^ =
47rVN"

' ""

If the value of h for a simple pendulum governor be calculated

for different speeds, it will be found that while the change of height,

h, for a change of speed may be comparatively large when the speed
of the governor is low, when the speed is increased the change of

height for a change of speed becomes so small as to be of no practical

value.

Thus, for a change of speed from 51 to 58 revolutions we have seen

there is a change of height of 3 in., which gives a movement of the
sleeve of the governor sufficient to suitably open or close the throttle

-

valve by means of levers
;
but when the speed is increased to 200

revolutions, the height li = 35,200 -4- (200 X 200) = 0*88 in.
;
and

for a speed of 300 revolutions, Ti = 35,200 -4- (300 x 300) = 0*39 in.;

that is, a change of height of ,0-88 — 0-39 L 0*49 in., or about J in. is all
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the movement of the sleeve which can be obtained for a change of

speed from 200 to 300 revolutions. This, of course, renders such an
arrangement useless for the purpose of governing at high speeds.

The value of h may be written

—

where w = - = angular velocity in r&dians,

and CD = radians per second

where N = revolutions of the governor per minute.

Thus, if the revolutions of a simple Watt governor are 120 per

minute

—

h =
32*2

72^2 = 0-204 ft. = 2-448 in.

V /

The height h varies inversely as the square of the revolutions

only, and does not depend upon weight

of ball or length of arm
;

thus the

height h will be constant at a con-

stant speed for either of the governors

A, B, or C (Fig. 220).

Loaded Governors.—It has been

seen that the simple pendulum gover-

nor is unsuitable for high speeds,

.

because the difierence of height — Ag

for a given change of speed, rapidly

becomes too small, as the speed of

rotation increases, to be of practical service in giving motion to the

steam-regulating mechanism.

If now a weight be added which increases the load on the governor,

but does not increase the centrifugal force, then a large movement
of the sleeve may be obtained with a high speed of rotation, and at

the same time a much more powerful type of governor is obtained

than when no^central weight is used.

A loaded governor running at a high speed may be constructed

with comparatively small rotating weights, because the centrifugal

force increases as the square of the number of revolutions and only

directly as the weight of the balls, and the centrifugal force there-

fore rapidly increases with the speed.

Fig. 221 is a drawing of a model of a Porter governor with which
many useful experiments may be made, and which serves to illustrate

the principles involved in governor design, including the values of

F for varying positions of the balls, and for varying weights on the

sleeve, from which the corresponding speed may be calculated.

In a Porter governor as illustrated by Pig. 222, it will be seen that
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the load on the sleeve does not itself add anything to the centrifugal

force, though it necessitates the generation of a large centrifugal force

in the rotating balls before the load on the sleeve can be moved.

If a load had been put on the balls as in Fig. 223, then the vertical

movement of the balls and the sleeve would be equal, but in Fig. 222
the vertical movement of the central load is twice that of the ball.

Let K = the velocity ratio of the vertical movement of the load L to
the vertical movement of the ball W.
Then the moment Ffe of the centrifugal force of the rotating ball



2o6 STEAM-ENGINE THEORY AND PRACTICE.

has to balance the moment, not only of its own weight (Wr), but also

its share of the central load. Thus, referring to Pig. 223, if the

central load were attached to the governor as shown, then each

weight W would carry half L, and •the value ofF = (^‘^ 2}^*

But since in the Porter governor the central load is moved through

a vertical distance = K times that moved through by W, then, by
the principle of virtual velocities

—

But in practice it is usual to make K = 2 ;

then F = (W +

But F also = —
,
where W = weight of one ball; from which

we have

—

n = 7^A revolutions per second
Itt \ Wh

Comparing the value of n here given for the loaded governor with

the value of n given for the simple governor, we have the ratio

—

I /(W^:^Tg.± /g
27rV ' Wh

__

* 27rV h

or as v^W + L • VW
The equivalent value of h in feet for a loaded governor, where the

central load L has double the vertical movement of the ball, may
also be written thus :

h " w ^ 0;-

w + L g
W

f
27rN \

\ 60 J

These same results, and many other useful facts connected with
governors, may be shown graphically, as

will now be explained. Let the triangle

ahc, Pig. 224, represent the triangle of

forces acting at the centre of the ball of

the governor when the governor is at rest

;

ah = weight of ball
; be = horizontal pres-

sure of ball against point of rest as shown

;

and ac = tension in arm, all to the same
scale representing pounds.
When the governor begins to rotate and

to increase in speed, the centrifugal force

P of the ball increases, gradually reducing the amount of the
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horizontal pressure of the ball against the point of rest until the two
are equal, after which any further increase of speed will cause the
ball to move outwards along the arc cd, say to d. Then ade is the
triangle of forces in the new position of the arm, and ae = weight of
ball to a new scale. Using, however, the same scale as before, then
ah is still the weight, and hf to the same scale = F. If ac and ad are
the two extreme positions of the governor arm, then the speed corre-
sponding to these positions can be calculated from the values of F,
given respectively by he and hf to the scale of pounds

;
and, taking

for r the values he and de to a scale of feet—
F = WrN2 X 0-00034

In Fig. 225, let ah — weight of one ball, and hd to the same scale
= weight of central load L on sleeve, as in the Porter governor.
The whole value of L is

taken, and not half L, for rea-

sons explained above. Then,
when the speed of the gover-

nor generates a centrifugal

force = 6c, if there were no
central load, the governor

ball is just about to rise, and
to make an angle greater

than cah with the spindle ah.

But, with the central load L
and the speed as before, the

centrifugul force he = df; the

effect is equivalent to the

arm ac lying in position af.

Produce ac to meet de in e.

Then de is the centrifugal

force which must be obtained

from the rotating ball before

the governor will begin ' to

move from its position of

rest, df being the centrifugal

force to balance the weight

of the ball, and fe to balance

the central load.

If ag be the position of Fig. 225 .

the outer limit of the arm,

and, if ag be continued to m, then dm, measured from the diagram

to the same scale of pounds as ah, is the centrifugal force necessary to

place the governor arm in this position, and the range of speed -of

the governor may be calculated, knowing the values of F in pounds,

namely, de and dm for the respective positions of the arm.

In Fig. 226, ch = F^, and ed = Fg, these being respectively the

centrifugal force without and with central load when the ball arm

makes the angle cah with the spindle. But F varies as the square of

the speed (N)
;
then

—
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F, : F2 :

:

and ch : ed :: ah i ad
N;-^: N/:: Wj_W + L
Ni:N. :: : VW + L

Similarly, kb = and md = F4, these being respectively the

centrifugal force without and with a central load, when the ball-arm

makes an angle gab with the central spindle.

From the values of F so obtained, the values of N can be deter-

mined for any proportions of weight to central load.

If the central load be increased or diminished by an amount =
then the change of speed Nj to Ng for a given position of the governor

arm is obtained from the ratio

—

Ni : Ng :

:

VW + L : +L±w
Sensitiveness.—The sensitiveness of a governor may be defined as

the ratio of variation of speed — n., to mean speed n, where w,

and Wg are the range of speed permitted by the governor, and the

sensitiveness per cent. = — X 100.
n

Taking this definition of sensitiveness, and neglecting the effect

of the friction of the governor^ and the working parts connected with

it, it will be found that the addition of a central load has theoreti-

cally no effect upon the sensitiveness of a governor, though since, in

practice, the friction of the governor and its gear may be considerable,

the sensitiveness of the loaded governor is actually much greater

than that of the unloaded one.

Thus, if the range of speed of a governor of the Porter type, but
unloaded, be from 60 to 70 revolutions, then, if a central weight
= 8 times the weight of one ball be added to the central spindle, we
have, for the speed of the governor in the lowest position

—

Ni : Ng
:
/W : VW^L

60 : Ng
: VI : V9

or Ng == 180 revolutions

and for the highest position of the ball

—

70 : Ng VT

:

or Ng = 210 revolutions

That is, with the unloaded governor the sleeve moved through its

full movement between the speeds of 60 and 70 revolutions, while

the loaded governor gave the same movement of the sleeve between
the speeds of 180 and 210 revolutions.

Applying now the above formula, we have

—

(^) 100 = 15*38 per cent
65

(2) = 16-38 per cent.
195

^

That is, the sensitiveness is the same in both cases when friction is
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omitted. But when friction is included, the loaded governor is the
more sensitive type, because the friction is a smaller proportion of

the total forces acting on the governor when loaded than when
unloaded.

About 2 per cent, variation of speed of the engine is the practical

limit of variation with good governors. A less percentage than this

requires a very large flywheel.

Diagram of Forces for the Porter Governor.~Pig. 226 shows
a Porter governor with another form of the diagram of forces drawn
for the two limiting positions of the balls. The object is to find the

centrifugal force F at these two positions, and to find therefrom the

maximum and minimum speed of the governor.

In the example taken, the weight W of each ball is 3 lbs.
;
the

central load L is 40 lbs. ; in the lowest position the radius r

= ft., and in the highest position r = ft.
12 12

In order that the system of forces acting on the lever BD joining
the ball and sleeve may be in equilibrium in any position of the
governor, the resultant of the forces acting upon it must pass

through its virtual or instantaneous centre of rotation.

Produce the lines AB and ED to meet in O. Then O is the instan-

taneous centre, and the resultant of the weights and centrifugal force

acting on this side of the governor must pass through the point O.

P
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The vertical resultant = W +
L.
2 ’

and this force RG is set down

to any convenient scale from the horizontal line through B. The
position of this resultant of the vertical forces is obtained by dividing

the horizontal distance be-

tween the verticals through
B and D in the propor-

tion of the weights acting

through B and D. In the

present case BR = -1^ of

the horizontal distance.

The centrifugal force is

horizontal, and may be
taken as acting through the

centre of the ball B. The
resultant of the centrifugal

and vertical forces must
act through O. Join RO

;

and from G, the extremity of the vertical resultant draw a horizontal

to meet RO or RO produced in K. Then GK is the centrifugal force

required in pounds to the same scale as the scale of weight in RG.
From this the number of revolutions required to balance the governor

in this position may be at once calculated as before,

A similar process is adopted for the other position of the governor

shown. The centrifugal force is again determined, and the speed

obtained.

Thus the range of speed of the governor is known.

In the present example, in the lower position, the force F = 27*2

and the revolutions N = 260 ;
in the higher position, F = 42*3 and

N = 290. The same result is shown by drawing the vertical line of

Fig. 227 to the scale of weights, namely, W = 3 lbs. and L = 40 lbs.,

and drawing lines from the apex parallel to the arms of the governor
;

then the horizontal line completing the figure for any required

angularity of arm gives the value of F when measured with the same
scale as the line of weights.

Stability of the Governor.—A governor is said to be stable or static

when it maintains a definite position of equilibrium at a given speed
;

it is said to be unstable or astatic when at a given speed it assumes

indifferently any position throughout its range of movement. The
condition of stability is that F must increase more rapidly than r

when the ball moves outwards.

If F increases or decreases proportionally as r increases or decreases,

then the speed n is constant for all positions of the ball.

In the diagram (Fig. 228) the governor ball is shown in three

different positions, with radii de, fhy and gh respectively. If ah be

the common scale of W, the weight of the ball, then the triangles

ach, afhy and aib are respectively the triangk^s of forces, and cb, fb,

and ib respectively are the centrifugal forces for the positions d, /,

and g of the balls.
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In Fig. 229, if the governor arm were made to slide in the cap at

a, then the centrifugal force F would vary as the radius r, and the

lengths de, cc, and he respectively represent both the radius r and the

centrifugal force F.

To compare these two cases, Figs. 228 and 229, by plotting the

results and superposing them, let Fig. 230 be constructed, making
the ordinates = F and the abscissae = r.

We shall then have for Fig. 229 the

line joining the intersections of F and r

a straight line, namely, OS. But for

Fig. 228 we notice that the values of

F and r when plotted do not coincide

with the straight line. Thus, for the

position / of the ball (Fig. 228), fh =
F = r ;

but for position d of the ball,

de, the radius, is less than c6, the centri-

fugal force
;

also g\ the radius, is

greater than ih, the centrifugal force.

Let ora (Fig. 230) = radius de (Fig.

228), and let ryO (Fig. 230) = centri-

fugal force cb (Fig. 228), and so on for

line joining the respective intersections will be a curve of the form cfg.

The relation which the curve cfg bears to the straight line oS,

drawn from the origin o is important. Thus, since the values of

F for the curve cfg increase more rapidly than the values of r, the

curve is steeper than the straight line oS, in which F varies as r.

The angle made by a tangent to the curve cfg at /, with a line (of)

joining the point of contact / to the origin o, is a measure of the

stability of the governor.

If the curve cfg coincide with the line oS, then the governor

the other points. Then the
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would be in neutral equilibrium. If the curve crossed the line oS

in the other direction—that is, if the tangent to the curve made a

less angle with the horizontal than the line joined to the origin c,

then the governor would be in unstable equilibrium.

Power of a Governor.—The power of a governor is measured by

the work done by the governor in lifting through its full range of

movement, and it is equal to the mean centrifugal force exerted

multiplied by the range in feet through which the force acts in

moving the governor through its full range.

The power of a governor, and the effect upon the power of

additional loading, can be well seen by plotting a curve with F for

ordinates and r for abscissfe.

Such a curve can be plotted for an actual governor, or it may be

constructed from data obtained from an outline sketch.

Let rj, rg, >*
3 ,

etc. (Fig. 231) be the path of the ball of a Porter

governor. Let W = weight of one ball and L = central load. First

suppose the governor un-

Fig. 231. Fig. 232.

effect of the two balls; and r is drawn to a convenient scale of

decimal parts of a foot.

Next draw a curve cd, which is obtained by including the effect

of the central load. Here F = 2(W + L)^.

It is usual to estimate the centrifugal force F of one ball only when
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considering questions of speed and rotation, lift of sleeve, and so on •

but double the value of F must be taken for the effect of the two balls

wh^n considering the power of the governor.

The area riobr^ shows the work done by an unloaded governor in

moving through its full range.

The area Vicdr^ represents the work done by a loaded governor in

moving through the same range.

The increase of power by increase of central load is thus very clearly

seen.

Friction of a Governor.—Hitherto the effect of friction on the

governor has been neglected, and its movements have been considered

to bo perfectly free from any disturbing effects. But in practice, if

F = the centrifugal force which would cause

the governor to rise if there were no friction,

a further force / is necessary before any rise

of the governor actually occurs in order to

overcome the friction of the moving parts,

and therefore a certain range of speed takes

place due to the respective centrifugal forces

F and F + /, but without any corresponding
rise of the governor.

Similarly, in the downward direction, the

speed of the governor may change accom-
panied by a corresponding change of force

from F to F — /, but without any change of

position of the governor owing to the resist-

ance due to friction.

The amount of the friction, or, in other

words, of the upward pull, due to a change
of speed of the governor, but without a corresponding rise of the sleeve,

may be determined either graphically or numerically as follows.

In Fig. 233, if the angle aob is the configuration of the governor

arm, a6 = F, cd = F -f /, cK = /. The problem is to find w, which is

the resistance due to friction when the speed rises from N, namely, that

due to F, to Ni, namely, that due to F + /•

Then ab : rd ::F : F + f
and F : F +/ : : : N;^

W : N/ : : W : W +
N/ - _ (W + tv)

__
w

W W “

W

.*. ^(? = W — j
for one ball

= 2W ( —
)

for two balls

Example.—Find the pull on the governor sleeve when the governor

ball weighs 5 lbs., and the speed changes from 100 to 120 revolutions

without any lift of the sleeve.
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w == 2 X o
1202 ~ 1002 N

1002 J
4*4 lbs.

The effect of friction in increasing the total range of speed of the

governor may be well shown by the diagram first proposed by Mr.
Hartnell.

In the Fig. (234) for any governor, neglecting friction, the curve ah

is drawn so that any vertical ordinate = F at radius r.

S

Take any point c on this curve
;
then the centrifugal force rgC = F,

and the radius oTq being known, the speed at c can be found from

—

r = 47rVr —
£/

'But when F varies as r, n is constant; and oc is a line of constant

speed of rotation. Also the lines drawn from o to a and from o to h

are lines of constant Speed of rotation, and they represent the range

of speed of the governor in moving through its extreme positions

orI
to org, when friction is neglected. If now friction lines be added,

gf being drawn = F +/ for each position etc., when the balk are

moved outwards, and de is drawn = F — / when the balls are moved
inwards, the total range of speed of the governor is now given by the

lines od and of, which, it will be seen, is much greater than before.

If oR be taken = 1 ft. to scale, then a scale of speeds may be drawn
on the vertical line RS by calculating the value of F for certain

speeds as 100, 120, 140, etc., and setting up the values of F found on
tho line RS, and joining to the point 0. These points are then
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marked with the number corresponding to the revolutions used in

calculating F.

Isochronism.—When a governor is so designed that the height h of

the cone of revolution of the balls is constant for all positions of the

balls (see Fig. 229), then the speed n is constant throughout the full

range of movement of the governor, neglecting friction. The governor

is then said to be isochronous^ that is, it runs at an equal speed in all

positions.

In such a case F varies directly as r, for

—

W
F - ^LirVr—

il

and all the factors but F and r are constant.

Keferring to Figs. 230 or 234, it will be seen that the curve of such

a governor is a straight line radiating from the origin o, and it will

be evident that such a governor will be in neutral equilibrium
;
also

that it does not obey the condition of stability, namely, thftt F must
increase more quickly than r as the governor, rises.

Such a governor would be too sensitive, for the engine driving the

governor would first increase in speed until it reached the speed due
to the governor, after which the slightest increase would cause the

balls to fiy to the extreme position and the governor to cut oft* steam.

The engine would then slow down, when the balls would suddenly

fall to the other extreme position, and the steam-supply be opened

wide. This effect of continual fluctuation above and below the mean
speed is called “hunting.*^^ In practice it is somewhat reduced by
the friction always present in a governor gear, and it may be further

reduced by the addition of a dash-pot or by means of a spring, which
is arranged to cause F to increase somewhat more quickly than r.

If the governor balls move
in a parabolic path, then

they fulfil the condition of

isochronism, namely, that h

is constant.

Thus, it is a property of

the parabola (Fig. 235) that

Fig. 235. Fig. 23G.

the subnormal ah = h is constant for all positions of the weight W on
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the parabolic curve XY, so that if W move in a parabolic path, the

height h will be constant.

An approximate equivalent to this is obtained by the use of the

crossed-arm governor
;

and by suitably choosing the points of sus-

pension a, a of the arms, as in Head’s governor, Fig. 236.

If the points are chosen so that h is approximately constant, then

the governor is in neutral equilibrium. If, however, the points a, a

are taken nearer the axis than in the previous case, then the equi-

librium is stable
;
but if further away from the axis than in the first

case, instead of nearer to it, then the equilibrium becomes unstable

—

that is, the height h of the cone of revolution becomes greater, and
not less, as the speed increases.

Spring governors can be made isochronous, if desired, by so adjust-

ing the spring that the initial compression in the spring bears the

same ratio to the total compression that the minimum radius of the

balls bears to the maximum
radius. The spring is usu-

ally made a little stronger

than this to give stability

to the governor. This point

is referred to later.

Fig. 237 is a drawing of

a Hartnell automatic vari-

able expansion governor for

regulating the travel of an
expansion valve working

on the back of a main
slide valve, the travel being

regulated by the movement
of the lever A in the slotted

link B. As the speed in-

creases the governor raises

the position of the lever A,
and the travel of the valve

is thereby reduced. This

governor is capable of very

close regulation, and when
the speed exceeds a given

number of revolutions, the

steam supply may be en-

tirely cut off.

The Proell Governor.

—

Fig. 238 consists of two in-

verted ball-arms which are
Fig. 237. suspended by the curved

bell crank levers LL from
the pins CC. The centrifugal force of the balls is counteracted by a

powerful spring S, which takes the place of a weight.

On the engine reaching a certain speed, which is determined by
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the initial compression in the spring, the balls move outwards, and
the sleeve rises from its bottom position, as shown in the figure,

towards the highest

position, shown dotted.

The points AA, at

which the ball-arras

are pivoted, are chosen

outside the centre lines C

of the arms, and in

such a position that

the centres of the balls ( __

as they open move V

very nearly in a hori-

zontal plane. This go-

vernor ' may thus be
made as nearly iso-

chronous as desired by
making the centrifugal

force of the balls in-

crease or decrease in

the same ratio as the

compression of the

spring.

The figure also shows
the mode of application

of an auxiliary spring

E to vary the speed of

the engine while run-

ning. The spring rests

in a sleeve, F, which is

pivoted in a bracket

at K. The point P at

the upper end of the

auxiliary spring is

made to move as required along the groove shown in the lever QR
by means of the screw W ;

the effect of the movement of P in the

groove in the direction towards the centre of the governor is to

further compress the spring E, as well as to increase the leverage of

the spring about the centre R, and thus to assist the outward move-
ment of the balls and reduce the speed at which the governor begins

to act.

Fig. 239 is a sectional drawing of the well-known ‘‘ Pickering

governor, fitted also with a stop-valve A in the same casting as the

valve of the governor. In the Pickering governor, the ordinary arms
are replaced by flexible sheet-steel strips, to which the balls are
attached, and which bend outwards by the outward tendency of the
balls as the speed increases. This bending of the strips causes

the upper cap on the top of the spindle to press the spindle down-
wards, and to tend to close the steam-passages by the equilibrium
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valve V at the bottom of the spindle. The speed at which the

governor may be made to act is regulated by a spring S, which is

Fig. 239.

equivalent to regulating the load on the spindle, the spring actuating

a forked lever resisting the downward movement of the valve spindle.

The Shaft Governor.—To secure regulation of the speed by auto-

matic cut-off in quick revolution engines, and to obtain a governor
sufficiently powerful for the

purpose, it is usual to use

what is known as the shaft

governor. The construction

of this type of governor will

be understood from the dia-

grams which follow. The
mechanism of the governor

is usually arranged to work
Fig. 240. in a pulley keyed to the

engine crank-shaft, and it

thus rotates at the same speed as the shaft. The movement of the

parts of the governor depends, as usual, upon the change of centri-

fugal force of rotating weights on change of speed of the engine.
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There are many different designs for transferring the movement of

the balls to the valve gear for the purpose of regulating the cut-off

;

but a simple form consists of an arrangement as shown in Fig.

240, where A is the eccentric from which the slide-valve of the
engine is worked. The governing of the engine is done by varying
the position of the eccentric centre relatively to the centre of the

shaft, and thus varying the travel of the slide-valve.

The eccentric is slotted as shown, so as to permit of a radial

movement of the eccentric arm about some convenient centre C, the

effect of which is to give the required change of position of the

centre of the eccentric disc relatively to that of the ci’ank-shaft.

In Fig. 241, which is an outline sketch of a shaft governor, the

rotating wheel D is keyed to the engine shaft, and the weights E, E
are pivoted to the wheel at F, P. The weight levers are connected to

the eccentric arm at G, and when the speed increases, the weights

move outwards about the centres F, P by centrifugal force, and cause

the eccentric disc to move across the shaft by means of the levers as

shown. The springs resist the outward movement of the balls, and by
means of the springs the speed at which the governor acts is regulated.

The effect of the movement of the eccentric disc across the shaft is



220 STEAM-ENGINE THEORY AND PRACTICE.

similar to that which happens - in an ordinary Stephenson link motion,

when the link is moved from the end to the middle position, and

which has already been described in connection with the link motion.

But the subject may here be considered a little further.

In an automatic cut-off gear arranged to vary the travel of the

v^alve by an adjustable eccentric, when the path of the eccentric

centre is a straight line at right angles to the crank, as in Fig. 242,

the lead ed is constant for all positions a, 6, c, or d of the eccentric,

where circle of radius oa is the maximum travel circle, and oe is the

radius of the lap circle.

When the path of the eccentric centre is on an arc ad, concave

towards the crank-shaft centre, as in Fig. 243, then the lead increases

as the eccentric moves nearer to d in the arc ad
;
that is, the lead is

greatest at the minimum loads.

When the arc ad is convex towards the crank-shaft centre, as in

Fig. 244, then the lead ef is sl maximum at full load, and decreases

to ed, a minimum, at the light loads. In this case the lead may be
reduced to zero, or a minus quantity at

mid-position. The arc of movement of

the eccentric centre depends upon the

point of suspension of the eccentric

arm of the governor.

Generally speaking, the condition of

constant lead, as in Fig. 242, would be
preferred, but each type has its own
special advantages.

Fig. 243 represents the conditions

which obtain in most ordinary link-

motion engines, where the lead is

greatest at light loads, the increasing lead securing a sufficient port
opening to

.
maintain the initial steam-pressure as high as possible to

obtain the full benefit of expansion, the power being kept down by
a large compression.

Fig. 244 is exceptional, but is preferred by some engineers. In
this case a reduced port opening at light loads reduces the initial

steam pressure by partial throttling, and a large expansion is sacri-

ficed to reduced range of stress on the piston.
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If the point of suspension of the eccentric arm, instead of being on
the centre line XY, is chosen in some position, A, as shown in Fig.

245, we then have a compromise between the conditions already

described, and the same lead may be obtained at both maximum and
minimum loads, with a somewhat larger lead in mid-position.

The various points of port opening, cut-ofF, release, and compression

for any position of the eccentric centre on the arc ad may be found, as

already shown in Figs. 85, 88, and 90.

' EXTENSIONS

Fig. 245 . Fig. 246.

Springs.—The law of the helical spring is that equal increments of

load give equal increments of extension or compression, within certain

limits.

This may be represented by a diagram (Fig. 246) where the base-

line is the line of extension and the vertical lines the loads producing
the extensions. Then it will be found by experiment that the line

joining the upper extremities of the load-lines is a straight line, the
extensions being in units of length, and the loads in pounds.
The load required to extend the spring per unit of length—say

1 inch—is a measure of the strength of the spring. Thus la is the
strength of the spring, being the load required to extend the spring
1 in.

The load required to extend the spring 2 in. is twice that required
to extend it 1 in., and so on. Similarly, we have seen that at con-
stant speed of rotation

centrifugal force varies

directly as the radius,

and a similar figure to

Fig. 246 may be used to

represent the uniformly

increasing centrifugal

force as the radius of

rotation increases, the

revolutions remaining

constant (Fig. 247). If,
j-jo 247. Fig. 248.

therefore, the revolving

weights of a governor are held by springs so designed that the tension

of the spring is equal to the centrifugal force at all positions of the
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balls, then Figs. 246 and 247 may be combined (Fig. 248), and in such

a case the governor is isochronous.

Example.

—

A ball weighing 20 lbs. revolves at 250 revolutions per

minute. Find the strength of spring required to make the governor

isochronous, supposing the spring to be attached directly to the ball.

Since, by supposition, the tension in the spring varies with the

centrifugal force, then, when the ball is at zero radius, the tension in

the spring is also zero
;
and if S = the strength of the spring, that is,

the pull required to stretch it unit length, then

—

Sr = 0*00034 -M2 X W X r x N'

where r = radius of ball or stretch of spring in inches

;

S = 0'0000284 X W X
= 0*0000284 X 20 X 250'

= 35*5 lbs.

that is, the strength of the spring = 35*5 lbs. per inch of extension.

Let the mean radius of the rotating weight be 1 2 in. with a range

2*5 in. on each side of the mean radius. Then (Fig. 249) db is the

mean radius; and the pull in the spring at this radius = 35*5 x 12

= 426. Set up be = 426 lbs. Then for all other positions of

the rotating weight, since the value of N is assumed constant, the

centrifugal force and the pull in the spring at any radius will be

given, by joining the line oe through the origin o, and measuring

the vertical height as at ad, ef to the same scale as he. The line

ad = 9*5 X 35*5 = 337*25, and the line o/= 14*5 X 35*5 = 514*75.

So far we have considered the strength of the spring for an isochronous

governor, or one running at constant speed for all positions of the

balls
;

but, as before explained, such governors are not desirable,

being inactive below the speed required, and flying outwards through

their whole range of movement when this speed is slightly exceeded.

The friction, however, which is always present more or less in all

governors prevents absolute isochronism in any governor.

In practice, a spring

h is chosen whose strength

n increases at a rate some-
' what greater than the

rate of increase of the

radium. Thus, suppose

in the same governor

the strength of the

spring to be 45 lbs., to

find the eflfect of the

change of spring upon
the speed for the same
range of radius. The
speed at the mean po-

sition ob (Fig. 249),

namely, 12 inches radius, being the same as before, the centrifugal



GOVERNORS. 223

force in this position and the tension of the spring are in equilibrium,

and are equal to 35*5 x 12 = 426 lbs. = he. At the minimum radius

oa, the tension in the spring is now 426 — (46 x 2-5) = 313*5 lbs. =
ag^ and at the maximum radius oc = 426 + (45 x 2*5) = 538*5 lbs.

= cJi; this represents a range of speed as follows: (1) .For the
minimum radius oa = 9*5 in.

—

FW =
0*00034 X W X

^

2

_ 313*5

0-0000284 X 20 x 9*5

N = 241 revolutions per minute

(2) For the maximum radius oc = 14*5 in.

—

__53^
0*0000284 X 20 X 14*5'

N = 260

The variation in speed neglecting the effect of friction

range of speed 260 — 241 ^ ^= 100 = X 100 = 7-6 per cent

Also gelt is the line of force with the stronger spring, and it makes
with oe an angle oeg^ which is a measure of the stability of the
governor.

If the spring is attached to the weight arm at some point c (Fig.

250), between the centre a and the centre

of gravity of the weight 6, then the strength

of the spring must be greater than if at-

tached directly to the ball in the ratio - .

ac

We have so iar considered only the

centrifugal force acting in the governor,

but during a change of speed of the engine

there are other forces beside centrifugal Yig. 250.

force acting on the governor, and which
will be found to either oppose or assist the action of the centrifugal

force. These forces will now be briefly considered.

1. Tangential Acceleration .—Let Fig. 251 represent a governor disc

secured to the engine shaft and rotating about the centre A, and let

the ball B be connected by the arm BC to the pivot C on the disc.

Then an increase in the speed of rotation of the disc will cause the
ball B to move outwards from the centre A by centrifugal force.

But if the centre C of the ball arm be pivoted at the centre of the

shaft, as in Fig. 252, then, when the disc is rotated, the centrifugal

force acts radially along the arm connecting the ball to the centre of

the shaft, but the centrifugal moment is zero, since the pivot of the

arm coincides with the centre of the shaft, and the force has no effect

for the purpose of regulation of speed.
’
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which IS

a move-
direction

D, or in

opposite

speed of

If, however, the speed of rotation of the disc increases, then the
tendency is for the ball (Fig. 252) to maintain its original speed and

to lag behind relatively

to the disc,

equivalent to

inent in the

of the arrow
the direction

to D if the
rotation of the disc de-

creases. This move-
ment of the ball rela-

tively to the disc and
in a direction tangen-

tial to the path of the centre of gravity of the ball, is the result of

tlie inertia of the ball producing tangential acceleration.

In the case of Fig. 251, the moment about C of the force pro-

ducing tangential acceleration is zero whatever the change of speed,

because the line of action of the force passes through the pivot.

In Fig. 252 this moment is a maximum. In intermediate positions

the moment of the force producing tangential acceleration is equal to

the force multiplied by the perpendicular distance CD, between the
pivot C, and the tangent to the circle drawn from the centre of

rotation, and passing through the centre of gravity of the weight.

This force may be made to assist or to oppose the centrifugal force

Fig. 251. Fig. 252.

according to the position of the pivot of the ball arm in relation to
the centre of gravity of the weight. Thus, if in Figs. 254, 255 the
disc is rotating clockwise as shown, then in Fig. 254 the moment of
the tangential force acting during increase of velocity of the disc
= P X CD, and it acts so as to supplement the centrifugal force, and
thus to make the governor more prompt and rapid in its movement

;

in Fig. 255, with the position as shown, the tangential force acts to
oppose the centrifugal force, and thus to make the governor more
sluggish.

2. Angular Acceleration.—Another form of accelerating force which
is capable of useful application in the shaft governor will be understood
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from the illustration (Fi^. 256). At the end of the arm AB, which
is supposed to be rigidly attached to the

shaft at centre A, let the weight at the end B
be distributed in the form of a bar, CD,
instead of being concenti*ated in the form
of a ball at the centre of gravity B

;
and let

the bar CD be free to move about the centre B.

Then, if the shaft to which AB is rigidly

attached is I'otated about the centre A at a
high velocity and then suddenly stopped, the
kinetic energy in the balls C and D will cause
the arm CD to spin round the centre B. Fro. 250

Similarly, if during the rotation of the shaft

the rate of rotation should suddenly increase, even slightly, then

Fig. 257.

during the change of speed the arm tends to lag behind momentarily

until the speed has again become uniform
;

or, mce versa, if the

speed of the shaft decreases, the arm tends to maintain the same

rate of rotation, and thus to move about its centre B with a greater

angular velocity than the shaft A. This property of the bar

when centred at B been termed angular inertia, and it has

9
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recently been successfully applied as a supplement to centrifugal

force for the purpose of increasing the sensitiveness of the shaft

governor.

Fig. 257 illustrates a very successful governor made on this principle,

and known as “ Begtrup’s shaft governor,” made by Messrs. Browett
and Lindley, of Patricroft



CHAPTER XV.

TURNING EFFORT IN THE CRANKSHAFT.

As has been already pointed out, it is important, for steadiness of

running, that the turning effort in the ci-ank-shaft should be as

uniform as j^ossible. But in practice, the conditions are such that

the turning efiort varies moT*e or less considerably during each half-

revolution of the crank. The nature and extent of the variation,

and the means adopted for reducing it to a minimum, will now be
described.

The causes producing variable turning effort arc

—

1.

The variable pressure of the steam acting on the piston.

^1, The mechanical combination of crank and connecting-rod which,

even with a uniform steam-pressure on the piston, results in a variable

turning effort on the (H*ank-pin, the variation ranging from zero to a
maximum twice every revolution of the crank.

3. The inertia of the reciprocating parts of the engine, including

the piston, piston-rod, cross-head, and connecting-rod, which absorb

power in acquiring velocity during the early portion of the stroke,

and restore it while being retarded during the later portion of the

stroke.

The means employed to reduce the variable turning effort in the

crank-shaft, or to modify its effects, are

—

1. The combination of engines working on separate cranks in the

same shaft, the cranks being so disposed that the mutual variations

in the separate cranks correct each other when in combination. The
number of cranks employed in practice may be one, two, three, four,

five, or more, and the more numerous the cranks the more uniform the

twisting moment at all points in the revolution of the shaft.

2. The adjustment of the points of cut-off and compression to the

speed of the engine.

3. The use of the flywheel.

It will be necessary, before proceeding further with the subject, to

consider the relation between the respective velocities of the piston

and crank-pin.

Piston and Crank-pin Velocities.—Neglecting the obliquity of

the connecting-rod. Take any point P (Fig. 258) to represent the

position of the crank-pin when crank of radius OP moves about the
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centre O. Assume that the crank-pin P moves in its circular path at

a uniform velocity V in feet per second. Set off PV at right angles

to OP, or tangential to the circle at point

P, making PV equal in length to the

velocity V of the pin to any scale of feet

per second.

This velocity V, in a direction tangential

to the circle, may be resolved into com-

ponent velocities, Pa horizontally, and P?)

vertically.

Draw the perpendicular PN to meet the

horizontal diameter. Then angle hYY =
angle PON = 6

;
and Pa = V sin 6 ;

and

P?> = V cos (9.

Fig. 258. But when OP is drawn to scale to re-

present in units the velocity of the crank-

pin (which is assumed uniform), then the perpendicular PN = Y
sin 0, and ON intercepted between the perpendicular and the centre

O = Y cos 6

;

and thus for any position P of the crank-i)in, PN =
Pa = Y sin 0 = the horizontal component of the crank-pin velocity =
the velocity of the piston.

Relative Velocities, including Obliquity of Connecting-rod.—In

Fig. 259, let 0 be the centre of the crank-pin circle, with radius of crank

OP, and PN the length of the connecting-rod. The point N is the

position of the cross-head pin, and relatively also of the piston. To
find the relative velocities of

crank-pin and piston with a short

connecting-rod, PN, find the vir-

tual centre or instantaneous axis

about which the connecting-rod

PN is moving for the given posi-

tion OP of the crank, by drawing
lines PA and NA normal to the

direction of motion of P and N at

the moment considered. Then the

point A is the virtual centre re-

Fig. 259. quired, and the relative velocities

• of P and N are proportional to

the virtual radii AP and AN respectively.

The same result may be obtained by producing the connecting-rod

NP to meet the perpendicular through the centre O in C. Then the

triangles APN and OPC are similar, and AP : AN : : OP : OC. In

other words, if OP = velocity of crank-pin, then the intercept OC =
corresponding velocity of piston for position OP of the crank.

Polar Diagram of Piston Velocity.—The velocity of the piston ^at

each point of its path throughout the stroke may be represented by a

curve as follows : First draw a circle with radius Oa = assumed
constant velocity of the crank-pin, and, as shown in Fig. 260, draw the

connecting-rod for various crank-positions, a, b, c, cutting the vertical
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centre line at points 1, 2, 3, etc. With radius 01, 02, 03, etc., transfer

these distances on to their respective crank positions a, h, c, etc., and

join the points so obtained by a curve.

If the obliquity of the connecting-rod had been neglected, this curve

would be a circle, but it will now be seen to be an irregular figure

extending beyond the crank-circle for a short portion of the crank-path.

With a short connecting-rod, the point of maximum velocity of the
piston is as nearly as possible that at which the crank and con-

necting-rod are at light angles
;

in other words, where the centre
line of the connecting-rod is tangential to the crank-pin path, as at

OP, OQ (Fig. 261).

The velocity of the piston is the same as that of the crank-pin
when the crank is perpendicular to the centre line of the engine, and
again at crank position Oh, where the connecting-rod produced from
h passes through a. The conditions are similar at d and e below XY.
Between crank positions a and h and d and e the piston velocity is

greater than that of the crank-pin
;
in all other positions the piston

velocity is less than that of the crank-pin.
At positions of maximum velocity of the piston, namely, at OP and

OQ of the crank, the velocity of the piston is to that of the crank-pin
as Oc : Oa.

Tangential Pressure on the Crank-pin.—Having considered the

relative velocities of piston and crank-pin, we will now examine the

relation between i\\(d forces acting through these moving parts.

First, considering the case where the pressure of the steam is

assumed uniform throughout the stroke, and neglecting the obliquity

of the connecting-rod and the inertia of the moving j)arts.

In Fig. 262, let AB produced be the centre line of a horizontal engine,

O the centre of the crank-shaft, and OA the radius of the crank. Let
OA also represent to scale the total pressure P acting on the piston

(supposing the pressure on the piston constant).

When the crank is in position AO, the pressure of the steam upon
the piston has no tendency to turn the crank about its centre O, the

piston-rod, connecting-rod, and crank being all in one straight line,

and the whole pressure acts to press the crank-shaft against its

bearings. When the crank is in position OB, the pull being in the



230 STEAM-ENGINE THEORY AND PRACTICE.

line AB, there is again no tendency to turn the crank about O. These
two positions of the crank are called the dead centres.

For positions OC and OD of the crank, the whole pressure P on
.the piston (neglecting the obliquity of the connecting-rod) acts at

the moment in the direction of motion of the crank-pin, and hence the

whole force is exerted in turning the crank. At this point C, and at

the opposite point D, the turning moment is a maximum = P X CO.
From this we see that, even though the pressure on the piston is

uniform throughout the whole stroke, the turning effort on the crank-

pin is very variable, changing from zero at the dead centres, to a

Fig. 263.

maximum at two i)oints of the revolution. Under the conditions liere

assumed, the points of maximum turning effort are wlien the crank is

at right angles to the axis of the cylinder
;
but wlien tlie steam is

cutoff* at some earlier point than half-stroke, the maximum’ turning
effort is somewhere nearer the beginning of each half-revolution.

At interniediate positions the pressure on the crank-pin is employed
partly in turning the shaft, and jiartly in causing an increased pressure

through the crank upon the main bearings.

To find the twisting moment on the shaft due to the pressure on the

piston acting on the crank at point C (Fig. 263). The pressure P,

acting parallel to AB through C, causes a twisting or turning moment
about 0=Px DO=Px CE. But P is assumed constant; there-

fore for any point, C, C', C", of the crank the twisting moment is j)ro-

portional to the perpendicular CE, C'E', etc., drawn from C upon AB

;

and the amount of the twisting moment in inch-pounds = CE, C'E', etc.,

in inches multiplied by P, the total pressure on the piston in pounds.
The tangential or turning effort acting on the crank-pin, as dis-

tinguished from the twisting moment acting through the shaft, may be
found thus :

If T is the turning effort acting tangentially on the pin, then T x
radius CO = twisting moment due to turning effort T about O. But
P X CE is also the twisting moment

;

therefore T x CO = P X CE

T — P X^ ^ CO
= P sin 6
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If the radius CO be drawn equal to the pressure P to scale,

then

—

from T = P X

we have T = CE

CE
CO

and this is true' for any position of the crank.

Since the twisting moment at any part of the revolution is equal to
the tangential effoi't multiplied by a constant number, namely, the
length of the crank, the diagram of tangential efibrt and the diagram
of twisting moments are the same?, though measured by a different

scal(‘, the one being in pounds, and the other in pounds multiplied by
the radius of the crank in inches.

Diagrams of Turning Effort on the Crank.—The facts abov(‘. stated
as to the variable nature of the tangential or turning efiort on the
crank-pin during a revolution of the crank may be well illustrated by
a diagram as follows :

—
Let the circle AGED reprc^seJit the crank-pin path, and OC the

radius of the crank; and let.OC rc'present to scale the pressure on
the piston (supposed uniform). Take a number of equal subdivisions,

C, C', etc. Then the pcn-pendicular

CE on A 13 for any position OC of

the crank represents the turning

effort on the crank-pin at this point.

Pi'om C, C', etc., s(‘t off on the

radius OC produced distances CF,
C'F' ecpal to CE, C'E'. If the ex-

tremities of these lines be joined, a

curve is obtained above and below

the centre line which represents

the turning effort at every part of

the r(ivolution
;
and it will be s(H^n

therefrom in what way the turning

effort varies during one revolution

from zero at A and B to a maximum
at G and H. As before explained,

if the scale of measurement be

multiplied by the crank radius in

inches, the same diagram will serve

as a twisting-moment diagram.

Fifi. 204.

The dotted circle drawn from the centre O, with radius OK, is

the curve of mean tangential pressure, and it is drawni by making
AK : P : : 2 : TT, where P = the mean effective pressure on the piston

(neglecting friction).

The circumference of the circle ACBD (Fig. 264) may be unwound
and the diagram set up on a straight base, as shown in Fig. 265. The
straight base MN is drawn equal to the circumference of the circle

ACBD (Fig. 264). It is then divided into the same number of equal

parts as the circumference, and distances CF. C'F', etc., set up from
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the respective divisions. The curves joining the ends of these linee
are the curves of tangential pressure as before.

Fig. 265.

The 7ne(in tangential-pressure line KL is drawn by setting up MK,
so that MK : P : : 2 : TT.

It will be noticed that the an^a MFF'B, enclosed between th(i base
and the curve and shown shade-lined, is tlie diagram of work done
upon the crank-pin during a half-revolution of the crank-shaft, the
ordinates representing the turning effort in pounds, and the base
representing the distance through which the effort has been exerted

;

and this area is exactly equal (neglecting friction) to the work done
upon the piston during a single stroke^, as given by the indicator

diagram. If S = stroke of piston, and P = mean i)ressure on piston,

then S X ^ = path of crank-pin during one stroke of piston, and

2
mean tangential pressure on crank-pin, = P x -

TT

rxs = (i-x?)x(sx|)

The line KL (Fig. 265) has been called the line of mean tangential
pressure, but it is also the line of resistance due to the load (assuming

b

Fig. 266.

the load constant)
;
for unless the mean effort and the mean resistance

are equal, there must be a change of speed of revolution of the engine,
the speed increasing or decreasing as the effort is greater or h^ss than
the resistance.

We have seen that, though the resistance is uniform, the effort
is extremely variable. Thus (Fig. 266), during a half-revolution of
the crank, and commencing at tlio point a, the force exerted rises
above the mean-resistance line KL, and continues above this line
till the point c is reached, and unless a flywheel is attached to
the engine to absorb the additional power, the result will be that
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during the short portion ac of the revolution, the driving force being
greater than the resistance, the speed of rotation will increase ancl

become a maximum at c. Beyond the point c the driving force falls

below the resistance, and without a flywheel to restore power to the
engine, the speed will decrease until the point e is reached, at which
point the speed is a minimum.

It will thus be seen, though the speed per minute may be uniform,
that there is much tendency to irregularity of speed of rotation during
a single revolution. This tendency, however, is very largely corrected

by the addition of a flywheel, as is explained subsequently. If the
straight base MN (Fig. 266), representing the circumference of the

crank-pin path, be divided into a scale of degrees, then degrees

to scale represent the position of the crank-pin past its dead centre

M when the velocity of the crank is a minimum, and MA degrees the
position of the crank-pin when the velocity of the crank is a maximum.
When the speed of the engine is constant, the area ahc is equal to

the area cde. When the area ahc is greater than the area cde, then
the speed is increasing, and vice versa.

Eflect on the Twisting Moment of Combinations of Cranks.—For
several reasons, it is important that the twisting moment on the

crank-shaft sliould be as uniform as possible, and therefore that the

areas ahc and cde (Fig. 266) should be reduced as much as possible.

The way in which these areas are affected by various combinations of

multiple-cylinder engines working on various arrangements of cranks
is shown by the following figures. The steam in the respective

cylinders is considered of uniform pressure throughout the stroke for

the sake of simplicity.

Case I. A siiujlc engine working on a single crank. This ease has
already been considered.

Case II. Two engines working on

opposite (Fig. 267).

In this case each engine is on
the dead centre at the same time,

and the points of minimum and
maximum twisting moment on the

crank-pin coincide. Hence the

twisting stresses in the crank-

shaft are doubled throughout, and
the diagram of total twisting

moments is obtained by adding

together the diagrams of each

crank as shown in Fig. 268. Thus M6D is the twisting-moment curve

for a single engine during a half-revolution, and MrD is the twisting-

moment curve for the combined cranks when placed directly opposite.

McD is obtained by doubling the ordinates a?>, so that ac = 2ah for

each position along the circumferential base MN.
From this diagram (Fig. 268), it will be seen that in Case II. the

stresses vary through a much wider range than in Case I., the range

in the second case being from zero to double the maximum stress

the same shaft with cranlis directly
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which obtained in the first case. The line of resistance KL, or of

mean twisting moment, is raised to twice its former height, and the

shaded areas e(jf and dT>e represent the energy in foot-pounds given

up to the llywheel or restored by it respectively, twice every revo-

lution.

This arrangement of opposite cranks is sometimes adopted, especially

in small high-speed engines, with the object of balancing.

Case III. Cranks at rujht angles. This is much the most common
arrangement of cranks in two-cylinder (mgines, and its advantages in

reducing the range of the twisting stresses will be
seen from Fig. 270.

This arrangement possesses the further ad-

vantage of enabling an engine to start more
easily than wh(m the two cranks are opposite,

for when one crank is on the dead centre the

other is in the position of maximum turning
moment, in which iK)sition the engine may be
started easily—unless it should haj)j)en that

steam is cut off by the valve-gear before the

half-stroke, in which case the engine would
have to be moved round till the crank was past the dead centre before

starting could take place.

Fig. 270 is constructed by drawing first the twisting-moment curve

« 30Q® >

Fig. 270.

as before for one crank, as M6D on the half-revolution length MD.
Then for the second crank the point a, midway between M and D, or

Fig. 269.
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at C and P in the element PC are inversely as their valucities.

Hence, if OC represent to any scale the pressure Pd on the piston,

then OA represents to the same scale the turning effort on the crank-

pin C. Or, more conveniently, if the pressure Pd per square inch on the

piston for any position P be set off on CO as at Ca, and ah be drawn
parallel to OA, then ah is the turning effort on the crank-pin per

square inch of piston area for the position OC of the crank
;
for the

triangU^s OAC and ahC being similar, OA : OC :: ah : aC, If ah be

multiplied by the area of the piston in square inches, the total turning

effort is obtained.

Diagram of Effective Pressure on the Piston.—In order to obtain

the twisting-moment diagram accurately, it is necessary to find out

the net pressure actiiig on the piston at each point of the stroke, and
this can only be obtained by knowing the pressure acting on the two
opposite sides of the piston

; whereas the indicator diagi*ara gives the

forward line, and the backward line on the same side of the? piston.

We therefore require to have a diagram taken from each «ide of

the piston at thti same time, and to combine the forward line of the

diagram from one side with the backward line of the diagram from

the opposite side.

In Fig. 274, A and B are indicator diagrams fi’om opposite* sidcjs

of the piston, and C and B are cftective-pressurc diagrams drawn
therefrom. Fig. 274, C is the net or resultant diagram for the front

end of the cylinder, and D for the back end set up from a hori-

zontal base line MN. The diagrams are drawn by first dividing each

figure into ten equal divisions, and each line MN, M'^N', similarly.

Take, for example, division 1 on each diagram. A, B, and C
;
a is the

total forward pressure (Fig. A) when h is the back pressure at the

same time on the other side of the piston (Fig. B) ;
therefore the height

at division 1 (Fig. C) is equal to the differenc^e between a and &, and
so on for each division. Towards the end of the stroke of the piston,

the back pressure due to large comj)ression may be in excess of the

forward pressure, and the curve becomes negative and falls below the

zero line of pressure MN.
The Figs. C and D (274) are net diagrams for c^ach side of the

piston respectively. The effect of the inertia of the reciprocating parts

is not here included.

Influence of Inertia of the Reciprocating Parts.—It may be explained
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that by the term inertia is meant the property possessed by bodies
by virtue of which they offer resistance to change of velocity, whether

A. FRONT END B BACK END

Fia. 274.

that change be from a condition of zero velocity, as when a shot
is projected from a gun, or whether the change be from that of a
liigh velocity to a condition of rest, as when the flying projectile is

stopped by the target. In each case the inertia of the shot had to bo
overcome— in the first instance, by the energy in the powder; and
in the second instance, at the expense, possibly, of the fractured
target upon which the force was expended. Similarly, in order to
stai't the reciprocating parts of an engine from their condition of
rest at the beginning of each stroke to that of maximum velocity, if

the piston velocity is high, a considerable proportion of the energy of
the steam may be absorbed in overcoming the inertia of those parts
before its eflect can be felt as turning effort on the crank-pin.
Fortunately, however, there is no loss of energy due to this cause,
for the force required to overcome inertia during the incre?ise of
velocity is again restored in the later part of the stroke as pressure
on the crank-pin while the crank-pin brings the moving parts to rest.

It^ is evident, therefore, that before constructing a diagram of
turning effort on the crank-pin, we must first “correct the indicator
diagram for inertia by subtracting the amount of the pressure
employed in accelerating the reciprocating parts during the early
part of the stroke, and adding to the diagram the pressure restored
to the crank-pin while retarding those parts during the later portion
of the stroke.

^

The amount of the effort absorbed during acceleration is in all
cases equal to that restored during retardation, and the total energy
exerted upon the pin (neglecting friction) is unaffected by the work
of acceleration and retardation, but the distribution of the turning
effort during each half-revolution of the crank may be greatly
changed, and its influence upon the regularity of speed of the engine
may be considerable.
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Force required to accelerate the Velocity of the Reciprocating
Parts.—The reciprocating parts include the piston, piston-rod, cross-

head, and part of the connecting-rod, and the force required may be
easily found by assuming, for the purpose of this problem, that the
whole mass of the parts is concentrated at the crank-pin, and rotating

with it—the obliquity of the connecting-rod being in the first instance

neglected.

The centripetal force exerted when the mass is turned about the centre

O (Fig. 275j acts radially in the direction AO, FO, BO, etc., for every

position of the crank, and is equal to F = = MwV
;
and this force

may be resolved horizontally, as at PE, and vertically, as at PN, for each

position of the crank. Thus, if OP =
the centripetal force F, then PE = NO
= F cos Q = the liorizontal component
of the centiipetal forc(^ F, and is the

amount of force employed in accelerat-

ing the velocity of the mass at position

N in the horizontal direction A to B.

The forces may thus be obtained foi* all

positions P of thc‘. crank, and they are

the same as would be requin‘d to accele-

rate the reciprocating ])arts in their

corresponding ordinary positions, tlie

masses, the horizontal distances, and

Fig. 275. intervals of time being the same
in either case.

The vertical components of the centripetal foi^ce take no part in

horizontal acceleration, and are therefore neglected.

At the beginning A of the stroke, the whole centripetal force F acts

horizontally, it has no vertical component, and cos ^ = 1. Therefore

acceleration at A is a maximum, and = F = WrN- X 0*00034,
gr

where W = weight of reciprocating jiarts in pounds, r = radius of

crank in feet, and N = number of revolutions per minute. In order

to apply the force, when obtained, to the indicator diagram, it must
be expressed in pounds^ per square inch of the piston area

;
the above

value of F is therefore divided by the piston area in square inches.

Thus, pressure required per square inch of piston to start the recipro-

cating parts at beginning of stroke

^YrW X 0-00034

area of piston

At the middle of the stroke the whole centripetal force acts verti-

cally, and it has no horizontal component. Here the velocity of the

reciprocating parts is a maximum, and there is no longer any force

exerted in increasing its velocity any further
; the acceleration, there-

fore, at the mid-positions of the crank is zero.

Beyond this point the reciprocating parts are retarded until they
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are brought to rest at the end of the stroke ; the forces exerted on the

crank-pin in bringing the moving parts to rest are exactly the reverse

of those acting upon the piston to generate its velocity during the

first half of the stroke.

The distribution of the forces throughout the stroke may be seen

by Fig. 276, where AB represents the length of the piston stroke. Set

off AC = / as obtained by the above equation, and use the Scame scale

of pounds as is used for the indicator diagram to which the diagram

is to be applied. At D, the mid-position of the piston, the accelera-

tion is zero. At intermediate points, as at N, set off NO (Fig. 276) to

scale, by measurement of the horizontal component NO from the

Fig. 276 . Fig. 277 .

diagram (Fig. 275), or by calculation of the value of / cos 0 for

several positions of the crank. If the ordinates so found be joined,

the straight line CODE is obtained.

The triangles ACD and BED are equal, and they each represent,

by their area, work done (1) by the steam upon the piston to generate
velocity, (2) by the reciprocating parts upon the crank-pin during
retardation from maximum to zero velocity. Thus, area of triangle

ACD = kinetic energy stored up in moving parts on reaching middle

of stroke = But AD = r = radius of crank, and r x iAC =

area of triangle = Wt;2
therefore AC Wr2 . .— as before.

gr
The same

reasoning applies to triangle DEB, which represents energy given up
by the reciprocating parts and transferred to the crank-pin.

Illustrations of the Effects of Inertia upon the Pressure trans-

mitted to the Crank-pin.^— Sujipose first the case of an engine taking

steam through the whole length of stroke. Then the indicator diagram
is approximately a rectangle = ABCD (Fig. 278). Let the pressure of

steam AB = 20 lbs. per square inch, and the pressure to accelerate the

piston = 6 lbs. reckoned per square inch of piston area = — -r area
gv

of piston.

If AE be set down below AD = 6 lbs. to scale, and DF above

AD = 6 lbs., and points E and F be joined, then the line EKF repre-

sents the extent of correction required for the indicator diagram
before the pressure transmitted to the crank-pin can be determined.

Between points B and G on the top line of the diagram, set down
^ See “ A Practical Treatise on the Steam Engine,” by Mr. A. Bigg*
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below B(t ordinates m equal to and corresponding with ordinates n
between lines EK and AK. Similarly, set up above GC ordinates m

equal to and corresponding with
ordinates n between KF and KD.
Then ALGHD is the c(OTected

diagram, from which is measured
the pressure transmitted to the

crank-pin.

Though the pressure of the

steam upon the piston is assumed
^ uniform throughout, the j)ressuro

transmitted to the crank-pin is

very variable, being 14 lbs. at th(^

I n beginning of the stroke, 20 lbs. in

iihe middle of the stroke, and 2G

Fig 278 stroke
;
and

since the effects of inertia rapidly

increase with the speed, the ratio of increase Vieing as the square

of the velocity, the diagi*am shows how seriously high the jumsure on

the crank-pin may become at high speed towards the end of the stroke,

especially when the pi'essuie of the steam is retained throughout the

stroke.

These high inertia effects are, however, greatly modified by working

the steam expansively, and by a judicious use of steam-compression

at the back of the piston.

If the steam be worked expansively in the cylinder, the effect in

reducing the ex(*essive pressure on the crank-pin at the end of the

stroke will be seen from the diagram (Fig. 279). SSS is the assumed

diagram of net effective steam-pressure on the piston, set up from the

base-line AB. Line EF is the inertia line, and the piston-pressures

S, 8, S, corrected for inertia by making ordinates m = n on the same
vertical line, and above or below SSS as required, give the line CCC,
the ordinates of which at the various parts of the stroke give the

actual pressures transmitted to the ci*ank-pin.

Fig. 279 shows the effect of expansion only, and Fig. 280 of

expansion and compression in tending to make the jiressure mor^

uniformly equal throughout the stroke, as shown by line OCOt
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Influence of Weight of Reciprocating Parts in Vertical Engines.

—

On the upward stroke of the piston, the weight of the reciprocating

parts acts against the steam throughout the wliole stroke. Hence, if

the weight of those parts ex})ressed in pounds per square inch of piston

area be set up from A = AF (Fig. 281), to the same scale as AC, and
FG be drawn parallel to AB, then FG is the new base-line, which
will coincide with the base of the net steam-pressure diagram to be

corrected for effects of inertia and weight of moving parts. A is the

beginning of the stroke, and the ordinates m are subtracted from,

while the ordinates n are added to, the ordinates of the net steam-

pressure diagram, in order to obtain the amount of pressure trans-

mitted as turning effort on the crank-pin. For the downward stroke

Fig. 281 .

the case is reversed, the weight of the reciprocating parts acting with

the steam-pressure throughout the whole stroke.

In Fig. 282, if A'C' be drawn as before, representing the force

required to generate the required velocity in the moving parts at the

commencement of the stroke, then, since on the downward stroke,

part of this force (namely, A'F') is supplied by the weight of the

parts, an amount of force equal to F'C' only is required to be provided

l3y the steam to generate velocity.

The line F'G', drawn a distance below A'B' equal to the weight of

the moving parts per square in. of piston area, is the new base upon
which the net steam-pressure diagram will be placed to be corrected

for effects of velocity and gravity upon the moving parts. The
ordinates m will be subtracted from and the ordinates n added to

the corresponding ordinates of the steam-pressure diagram, A being

considered the beginning of the stroke.

The work done (= area AG) in lifting the reciprocating parts

during the upward stroke, and thus reducing the effective work on
the crank-pin, is compensated for by the restoration of the same
amount of work to the crank-pin during the downward stroke (= area

A'G'), the weights during this stroke assisting the steam-pressure.

There is, therefore, no loss due to the weights of the moving parts.

When the Obliquity of the Connecting-rod is included.—When the

influence of the short connecting-rod is included, the problem of finding

the inertia line is more complex, but for practical purposes it is usually

sufficient to find the acceleration at the two ends of the stroke, and
to find the point of zero acceleration. Then, by drawing a free curve

through these three points, we may obtain with sufficient accuracy the

inertia line required.^

' For a construction for finding all points in the curve, see the chapter on
“ Balancing of Engines.”

R
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First, to find the point B (Fi^. 283), or the position of the piston

at the point' of its inaxinuiin velocity, where its acceleration is zero.

This may be found witli almost absolute accuracy by a simple

geometrical construction, thus

:

Draw OC (Fig. 283) to scale (Hjual to the crank radius, and draw
AC at right angles to it and equal in length to the connecting-rod.

Join OA, and rotate the right-angled triangle OCA about O. Or

—

B02 = 4.

BO =
B is the point required representing the position of the piston in the

path DK of the stroke at the moment of maximum velocity. It is

also th(^ point of zero acceleration on the iiiertia curve.

At the point D, the beginning of the stroke DK (Fig. 284),

the accelerating foi’ce DA is found in the following way. When the

crank is passing the dead centre and the connecting-rocl is finite, the

Fig. 285.

centripetal force includes two effects : first, that due to the rotation

of the mass about the centre of the crank-shaft O
; and, secondly,

that due to its tendency to rotate also about the centre B of the con-

necting-rod BP (Fig. *285). Thus the acceleration at P is proportional

to the sum of the curvatures drawn with radii OP and BP respectively.

At the other end of the stroke, when the crank is passing the centre

P', the centripetal force due to the motion of the connecting-rod acts

in the same direction as that of the crank, and the acceleration at

F is proportional to the difference of those curvatures. Hence, if the
connecting-rod = n times the radius r of the crank, then the accele-

rating force at P = ^ 4. 1\ and the force at P'
g \ r nr/ gr \ nj

WFV 1\~ - I 1 = — (1 \ If then, the value of the centripetalg\r nr ^ gr \ n/ ^
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force at P and F (Pig. 285) be set off vertically from D and E, and
=DA and EC respectively (Fig. 284), and a free curve ABO be
drawn, then ABC is the curve of inertia required with which to

correct the net pressure-diagram on the piston when determining
the pressure transmitted to the crank-pin. This subject will be
dealt with more fully in the chapter on “ Balancing of Engines.”

If the speed of the engine exceed a certain number of revolutions,

the pressure hecessary to accelerate the piston may be greater than
that of the steam-pressure in the cylinder, in which case the crank

will at first pull the reciprocating parts during the early portion of

the stroke beyond which the steam-pressure will begin to act, and the

reciprocating parts close up against the crank-pin and crosshead-pin

with a more or less serious knock. This is an indication that the

engine is working beyond its limit of speed for the steam-pressure
employed. By working at a higher initial steam-pressure, and cutting

off earlier in the stroke, the knock may be avoided.

Example.

—

To find the effect of inertia at the ends of the stroke in

the following example, and to draw the curve of crank-effort :

—

Weight of reciprocating parts = 292 lbs.
;
length of crank, 6 in.

;

diameter of cylinder, 10 in.
;
revolutions = 300 per minute

;
ratio of

crank to connecting-rod = 1 :
4*5.

Then force at beginning
and end of stroke

But

P

.1 ± -)
gr \ n/
292 X (27rrN)2

32 X r X 60 X 60

292 X 39-4 X 0*5 x 300 x 300

,(i ± I)

(1 ± I)32 X tiO X CO
= 4494(1 ± 2)

= 5492-6 or ‘3495-3

_ P _ 4494
. ^“ A ~ 102 X 0-7854'^
-

= 69-9 and 44-5 lbs. per square inch of

piston.

f)
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Pig. 286 is drawn with the data here given, lengths A and C being
set off to scixle equal to 69*9 and 44*6 at the beginning and end of the
stroke respectively, and the point B is found, as already explained,
by finding geometrically the position of the piston when the crank
and connecting-rod are at right angles; A free curve of inertia is

then drawn, and the diagram of net effective pressure on the piston
is set off, as shown by dotted lines, by measuring from the inertia
curve to the top line of the indicator diagram (see Fig. 279), and
resolving the pressure as shown to find its tangential effect on the
crank-pin.

Thus, if the net pressure 6, measured from the base line to the
corrected indicator diagram, shown dotted, be set off on the corre-

sponding crank position as shown, and the vertical component a,

intercepted, by the connecting-rod, be set off on the crank position
produced, then, by joining the outer extremities of the lines the
curve of turning effort on the crank-pin is obtained.

It may here be pointed out that though the force absorbed in
accelerating the moving parts is restored during retardation of those
parts, yet in practice there will be a waste of energy to a greater or
less degree at the end of each stroke, if owing to slack bearings there
is a “ pound or shock as the crank turns the centre and the moving
parts change the direction of motion. With slack main bearings, the
crank-shaft may be lifted on the up-stroke, and possibly bent or
sprung on the down-stroke. To avoid such effects, the brasses should
be kept in good condition, having a minimum of slackness, and the
energy in the piston at each end of the stroke should be absorbed by
a judicious use of steam-cushioning on the exhaust side, so that the
piston may be brought to rest as nearly as possible without shock.



CHAPTER XVL

FLYWHEELS.

Fluctuation of speed of the crank-shaft during each single revolution

of the shaft may be reduced by the use of a flywheel, whose mass
and radius of rotation provide a large moment of inertia, absorbing

energy when the turning effort is in excess of the resistance, and
restoring it to the shaft when the resistance is in excess of the effort.

The extent to which the turning effort transmitted to the crank-

pin varies above and below the mean turning effort is well seen by the

diagrams already given.

Thus in the case of a single-crank engine this variation is large,

while in triple engines with three cranks at 120"^ the variation is

reduced to within very narrow limits.

It is clear, therefore, that for the single-crank engine a large and
heavy flywheel is much more necessary than for ‘the thrce-crank

engine of the same power.

To design a flywheel to meet the requirements of a given case, it is

necessary to find out first what is the extent of the periodical fluctua-

tion of energy, above and below the mean energy transmitted during

a single revolution.

For this purpose a turning-effort diagram is drawn by the method
already explained. Thus, in Fig. 287, curve abcde represents the

turning effort for a single-crank engine during one whole revolution,

ae. Of the two curves ahc and cde^ that which shows the larger

excess of energy is chosen for the calculation. The line fg is the

mean of the two curves. The resistance is assumed constant. Then
the work E done during one stroke is represented by the area abc^

which area is equal also to the rectangle afgc. If area hhm = AE,
then AE -f- E is called the coefficient of fluctuation of energy.

For multiple-crank engines the turning-effort curves for the

separate cranks are combined (Fig. 288), and the coefficient of
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fluctuation of energy is now the ratio of one of the areas projecting

above the mean-eflbrt line, as the area ef(j to the total effort ahcd

during the stroke.

To find the value in foot-pounds of the area efg, obtain by means of

a planimeter, or by simple measurement to any scale, the ratio of the

area efg to the area 'abed. Then, since the area of ahcd is known,
being equal to the work in foot-pounds done by the steam upon tlui

piston or combined pistons during the stroke, the area cfg may be

obtained at once.

To find the 'weight of flywheel^ having given the coefficient of

fluctuation of energy and the limit of variation of speed.

Fluctuation of the force acting as turning effort on the crank-shaft

is, as a necessary consequence, followed by fluctuation of speed of

rotation. This is objectionable in all engines, but is espcicially so in

some departments of engineering, such as electric lighting
;

and
although the speed of rotation cannot be made absolutely uniform,

so long as the turning effort is not uniform, the variation may b(^

reduced to any required extent by increasing the mass and radius of

the flywheel.

If W = the weight of the rim of the flywheel, the weight of the

arms being neglected
;

r = the radius to centre of figure of the rim

;

V = velocity of rim at radius r in feet per second
;
and w = angular

velocity of wheel

;

mi ,1 « ,1 1 1

Then the energy of the wheel = =^ 2g 2g

and for any addition of energy AE, such as area hbm (Fig. 287), we
have an increase of speed from a>i to Wg, and

—

AE =
~

that is, for a given value of AE the change of speed will vary inversely

as the weight and as the square of the radius of the wheel.

The radius of the wheel is determined somewhat by considerations

of appearance and proportion, according to the discretion of the

designer, always remembering that the peripheral speed of the rim

should not exceed 100 ft. per second as a maximum. But having

determined the radius, the weight required to reduce the variation of

speed to within given limits is obtained as follows :

—
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_ W(«i + v^{v^ —~
2#/^'

W X 2y X /c»

-U

yj -^^^0~ h v'^

where = maximum velocity, v = meAii velocity, and Vo ~ minimum

velocity, also 1c = coelticient of fluctuation of speed = * ^—

K

The

value of Ic varies from ~ for jmnching and shearing machines to

to for electrical machinery.
This variation of speed has to do with the sj^oed fluctuation during

a single revolution, and has nothing to do with the fluctuation of

speed from minute to minute, which is the work of the governor.

The siresfies in a flywheel are of two kinds
: (1) those due to centri-

fugal force, and (2) those due to inertia.

1. The centrifugal force acting radiallv in the wheel = - perO O V I

foot of rim, measured on the mean circumference, W = weight of the

rim per foot of length
;

r = radius of wheel to centre of rim in feet

;

V = velocity of rim in feet per second at radius r.

The action of this force in tending to burst the rim of the wheel
may be considered as equivalent to that of steam-pressure acting

internally on the circular shell of a boiler, and as, in the case of a
boiler, the tendency to burst the wheel in a plane through any
diameter = F x d, where F stands for centrifugal force per foot of

rim, and d the mean diameter of the wheel in feet
;
and the stress

per square inch on the material = / = where a = area of^ ^ ^
area 2a

section of rim in square inches.

In addition to the tendency to fracture of the wheel just referred

to, the centrifugal force tends also to bend the rim, between the arms,

concave to the centre. There is also a tensile stress upon the arms.

2. The stresses due to inertia of the mass of the wheel may become
large when there is any more or less sudden variation of the speed of

the engine, the efiect of which is to put a bending stress upon the

arms, which may be considered as cantilevers loaded at the rim end
and secured at the boss of the wheel.

Example.—A flywheel with a cast-iron rim 15 ft. mean diameter

runs at a speed of 90 revolutions per minute. The section of the

rim = 150 sq. in. Find the stress on the rim tending to separate it

through any diameter
;

also find the stress per square inch on the

material of the wrought-iron strap plates, 8 in. X H in., one on each

side of junction of segment.

Then, weight per foot of rim measured on mean circumference =
150 X 12 X 0-26 = 468 lbs.
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Centrifugal force F per 1

foot of rim
j

~
'qr

= WrW X 0*00034
= 468 X 7*5 X 90 X 90 X 0*00034
= 9666*5

This is the radial force per foot of rim. Resolving this force at
right angles to a diameter, then the total force tending to separate
the rim through a diameter

= Fxd
= 9666-5 H 15
= 144997*5 lbs., or 64*7 tons

Stress / per square inch in wrought-iron straps holding segments
of wheel together

. lead 144997*5 „
area 2 x 2(8 x 1*5)

^ ^

This neixlects the influence of the arms in resisting tensile stress.

Fig. 289.

Fig. 289 is a combined flywheel and rope drum as made by Messrs.
Musgrave of Bolton. The construction will be understood from the
drawing.

Fig. 290 is a type of flywheel made for rolling mills in the United



Fig. 291.
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States. It was recently described by Mr. John Fritz.^ This design

of wheel is made varying in diameter from 20 to 30 ft. It has been

subjected to very severe treatment, and is said

never to have been known to fail.

The rim is cast in segments, each segment being

cast with its accompanying arm
;
and both seg-

ment and arm are cast hollow as shown. The
holes in the segments are made smaller at the

ends so as to allow for the metal taken out for the

connecting T-pieces. The steel limbs or T-pieces

are designed so that the rim is as strong at the

joints of the segments as elsewhere.

It will be noticed that at the centre of the

wdieel there is a space left of about | in. on both

sides of each arm. This is filled with oakum, and

driven hard after the wheel is finished and in its

})lace.

~ Fig. 291 shows a design for a flywheer-^ by
Fig. 292. the “ Duisburger Mascliinenbau - Action- Gesell-

schaft with a cast-iron rim made in segments,

a cast-iron boss, and steel-plate arms secured in pairs to the boss
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Figs. 292 and 293 ^ show a form of built-up flywheel composed of

flat steel plates, constructed by the E. P. Allis Company of Milwaukee,

U.S., for a cross-compound engine, 32rin. and 62-in. cylinders, and S-ft.

stroke. The speed at which the wheel is intended to run is 75
revolutions per minute, giving a speed at the circumference of 90 ft.

per second.

Fig. 202 is a side elevation of half the wheel and a section through half the boss.

The boss is made of cast iron, and is 8 ft. extreme diameter. Against each face of

the boss are two annular steel plates, A, Fig. 292, which are 1 in. thick and 23 in.

wide, and split on the diameter. From these plates extend the web-plates, sixteen

in number, to the extreme outside* diameter of the wheel. Between the plates on
the opposite sides of the boss are truss-pieces, 1 in. by 8 in., bolted at the ends
with two J-in. bolts, and having at the centre two li|-in. bolts as struts. The truss-

pieces are put at the joints between the web-plates. Outsidci the web-plates are

cover-plates D, 1 in. thick and 27 in. wide, also split on the diameter. Through
the outside cover-plates D, web-plates B, and inside plates A, are forty 2]-in. bolts.

In addition there are forty-eight IJ-in. bolts on each side, through the cover-platcs

and web-plates. The section of the rim between tlie web-plates consists of thirteen

1-in. steel plates placed side by side and joined on the ends us shown. Outside of the
web-plates, on each side of the rim, are 1-in. by 12-in. plates, forming cover-plates

around the entire rim. Still outside this is another strip 1 in. by 5 in. all round
the wheel. Countersunk rivets IJ in. diameter hold the plates and rim together.

“ A go(xl average value for the energy necessary to be stored in

fly-wheels for electric lighting purposes is 2*9 foot-tons per electrical

horse-power, aUd in traction plant 4 foot-tons.
’’

“Built steel wheels may have a peripheral velocity up to 130 ft. per
second.’^

* From the Railroad Gazette.
2 »Sec paper by Mr. A. Marshall Downie, B.Sc. {Engineering, January 17, 1002).
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ENGINE DETAILS.

Cylinders.—The strength of cylinders, as of all other parts of steam-

engines, is initially dependent upon the pressure of the steam to ho

used. The thickness of the cylinder must be sufficient to safely with-

stand the maximum steam-pressure and to ensure a safe casting

throughout.

The general proportions of the cylinder depend upon the relation

between the length of stroke and the diameter of the cylinder. This

value varies from 1 *5 to 2 *0 for ordinary horizontal mill-engines, and
from 1*25 to 0*6 for vertical quick-running engines.

The steam-ports are made sufficiently long (generally from 0*6 to

0’8 of the cylinder diameter) to admit the steam promptly and
through as large an area as possible when the valve begins to uncover

the port, so as to give the piston the full benefit of the maximum
steam-pressure from the commencement of the stroke. A long port

has the additional advantage of permitting a smaller travel of valve

for a given area of port opening.

The dimensions of the port are also governed by the necessity of

providing ready egress for the steam during exhaust. Getting the

steam out during exhaust is a more difficult problem than getting

the steam into the cylinder. Large ports, however, involve large

clearance volume and large clearance surface, and, for reasons

already given, both of these should be reduced to the lowest possible

limits.

The area of steam-port is made sufficient to permit of a velocity of

flow not exceeding 6000 ft. per minute
;

Area of port = area of piston in sq. in. X piston speed in ft. per min.

By turning the face of the piston in the lathe, and where possible

also the inner surface of the cylinder cover, the clearance volume may
be more readily reduced to the lowest practical limit than when the

castings are left rough.

The clearance space permitted between the piston and cylinder

end varies from in. to ^ in., depending on the size of the engine.

Where the clearance space is very small, additional care is neces-

sary in the adjustment of brasses at the various joints between the

piston and the crank-pin.
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Cylinder-liners and Barrels.—In order that a hard surface shall be
presented to the rubbing action of the piston, it is usual to fit a
separate working barrel made of hard, close-grained metal, forced or
shrunk into the cylinder, or secured by a flange at the bottom end
fitted with bolts, as shown in Fig. 294. The cylinder-cover end of

the liner is left free to expand. The space between the working-
barrel or liner and the cylinder-casting constitutes the steam-jacket,

and the joint at the cover end of the liner is made steam-tight and
at the same time allowed to expand freely by methods such as that
shown in Fig. 294.

Many examples of cylinders are given throughout this book. Fig.

295 shows a cylinder fitted with a piston-valve.

Cylinder Patterns.—Where a great variety of sizes of engines are

made, it becomes a matter of prime importance to keep down the

number of separate patterns, for a large stock of patterns represents a

large capital, which is to a considerable extent unproductive.

In making a series of engines of uniform type but somewhat
varying powers, one head pattern can be used for the two ends of

the cylinder with but slight alteration, and by varying the length of

the barrels the cylinder pattern can be used for a variety of piston

strokes.

It is customary in many firms to keep engine beds to standard

strokes, and make the total initial pressure and power of tandem
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compound cylinders equal to the half of the total initial pressure of a
cross-coupled or side-by-side compound engine, or equal to that of the
high-pressure cylinder only.

Thus, taking a cross-coupled compound engine, 18 in. and 30 in.

cylinder diameters, by 42 in. stroke, to find the compound tandem
engine the combined power of whose cylinders is equal to that of the
high-pressure cylinder of the 18" X 30" X 42" cross-coupled engine,

the stroke to remain the same
;
then, since the power is proportional

to the squares of the cylinder diameters, we have

—

18^ 324 = 162; and ^162 = 13 in. nearly

that is, a 13-in. diameter high-pressure cylinder is equal to one half

the power of the 18-in. cylinder. By the addition of a suitable low-
pressure cylinder to work tandem with the 13-in. high-pressure

cylinder, the total power will then be equal to that of the 18-in. high-

pressure cylinder, then

—

302
= 450 ; and ^450 = about 22 in.

that is, the heads of a cross-coupled compound engine 13' X 22" x 30"

stroke would be used as a 13" x 22" x 42" stroke tandem compound
engine, the beds, rods, bearings, etc., being the same as for a single

engine of the 18" x 30" x 42" size.

This gives a well-designed arrangement in both cases, and minimises
the number of patterns required.

Low-pressure cylinder patterns of small engines are used for high-

pressure cylinders of large engines by simply lengthening the barrel.

The above remarks assume a fairly uniform piston speed in the

a])Ove engines, varying not more than 10 per cent, of, say, 600 to 660 ft.

per minute.

The splitting up of cylinder castings also reduces the risk of loss

by defective casting, and if an engine is wanted in a hurry, the

cylinder can be treated in several separate machines, and the parts

assembled when machined in a much shorter time than is possible if

the cylinder is machined as a single casting. This, of course, does

hot apply to the case where a large number of engines of standard

pattern are passing through special machines, or where the time lost

in fitting the assembled parts would be greater than that lost in the

processes of machining the cylinder as one casting.

Fig. 296 shows a cylinder stuffing-box and gland fitted with Ward’s
metallic packing. A is the piston-rod, which must be true and free

from grooves if the arrangement is to be steam-tight
;
with this

packing a brass bush is not necessary at the bottom of the stuffing-

box. B is the stuffing-box, which holds the packing. C is the gland-

cover, which has a perfectly true face on the inner side, where the
packing-pieces E and F bear upon it and make a steam-tight joint.

The packing-pieces E are made of anti-friction metal, lined on the

outside with gun-metal to stiffen them. The pieces F make joints
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with the pieces E (see plan of figure), and prevent the passage of

steam at the partings of those pi(^ces. The pieces E extend from
the face of the gland nearly to the top of the stufiing-l>ox.

A hoop, (x, surrounds the packing-pieces. It is bevelled as shown,

and fits against a corresponding face on the packing-pieces E. The

hoop G is pressed against by two springs, H, which keep the packing-

pieces up to their work on the rod and the face of the gland. There
is a further small gland and stufiing-box on the outer side of the

main gland-cover, which is sometimes fitted to keep the joint dry
;

it

is packed with ordinary packing.
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Pistons.—A perfect piston would be one which was at the same

time both steam-tight and frictionless. In practice, in order to make

the piston steam-tight, various forms of spring rings are used, which,

while rendering the piston steam-tight, also set up more or less

friction against the cylinder walls during the stroke of the piston.

The packing-rings of pistons have themselves an initial spring or

tendency to open themselves against the cylinder-barrel, by being

turned in the first instance as a

ring to a slightly larger diameter

than the cylinder-barrel, after

which the ring is cut obliquely so

that the ring may be compressed

Fig. 297.

1

I

Fia. 298.

and closed to fit the barrel. The steam is prevented from passing

through the oblique slit in the ring just made by the insertion of

a gun-metal tongue-piece, A, fitting in a groove cut right across the

slit (see Fig. 299).

For the high-pressure pistons of marine engines, and also of

locomotives, the packing-rings are generally small square spring

rings of cast-iron or bronze, without springs behind them.

Fig. 298 is a good type of stationary engine piston.
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Figs. 299 and 300 are typical examples of cast-steel pistons as made
for marine work. They are much lighter than cast-iron pistons of

the older typo of the same diameter, and, being conical in shape, they
are also stilfer and more rigid.

The small spiral springs b(‘hind the packing-ring in Fig. 299 force

the ring against the cylinder-barrel, and they are capable of accurate

and uniform adjustment. These springs are compressed so as to

exert a pressure of about 2 lbs. per square inch of the bearing surface

of the packing-ring.^

* Soo Sennott aiul 0mm, “ The Marine Steam Engine,” p. 231.

S
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Too much care cannot be taken to obtain on the one hand a steam-
tight piston, and on the other hand to secure steam-tightness with a
minimum of friction. Tn horizontal engines the friction is further
increased by the weight of the piston, and in horizontal stationary

engines the practice of marine engineers of using light steel pistons

might be followed with
advantage.

Fig. 302 represents

views of a piston-pack-

ing having a double ad-

justment, as made by
Messrs. Lockwood and
Carlisle. The piston

-

ring is in two parts, and
within the Wo half-

rings is a compound
spring, one part being

helicyl, as sliown in

Fig. 302, and tending
to press the packing-

rings outwards against

the cylinder walls
;
and

another part having a

tendency to press the

rings apart against

the interna] faces of the

piston-flange and tlie

junk-ring. This pre-

vents the steam from
passing the piston

through the back of the

packing-ring.

Fig. 297 is a piston-

valve fitted with the

same kind of packing
and spring-ring.

Piston-speed varies in

ordinary practice from
about 300 to 400 ft. per

minute in small factory

engines, to about 800
ft. per minute for ma-
rine engines, and over

Fig. 300. 1000 ft. per minute for

the locomotive.

The piston-rod is dc^signed to resist safely the stresses due to the

maximum load on the piston, and the area of the rod is calculated at

its weakest part. This is usually at the cotter end of the rod, where

the method of connection is by a cotter to the cross-head (see Fig.
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303). Here the stresses change direction each stroke, being com-

pressive during the outward stroke and tensile during the inward

stroke
;
and consequently the factor of safety must be a large one.

The safe stress per square inch at this section for steel piston-rods is

8000 lbs. per square inch. At the other end of the piston-rod, where
the rod is turned down to take the nut, the weakest part is of course

at the bottom of the screw-thread. Jt will be noticed, however, that

this part is subject to tensile stress only.

Cross-heads.—The cross-head forms a head for the purpose of pro-

viding a bearing or support at the outer end of the piston-rod, and
to which the connecting-rod is attached

by a pin passing through the cross-

head. This pin is sometimes called

the gudgeon. The cross-head varies

considerably in design, depending on
the shape of the guides and on the

extent to which adjustments are fitted

for faking up wear on the brasses and on the guides.

The cross-head and guides prevent the oblique thrust or pull of

U Al c Pi cv/atihm

Pm. 302.

the connecting-rod from bending the piston-rod. This can be sem
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by reference to Fig. 301. When the piston is being impelled forward

so that the rotation of the crank-pin is clockwise, then, if the con-

necting-rod makes an angle 0 with the centre line as shown, the

resistance at the crank-pin C causes a backward thrust Q through the

connecting-rod, which may be resolved into two forces, one, = P,

tending to compress the piston-rod, and the other acting normally to

the guides, as shown by T.

Then Q =
also P = Q cos 6

and T = Q sin d

Again, when the piston is being driven in the opposite direction

crank-pin causes a downward pull

on the cross-head end of the pis-

ton-rod, the tendency agjiin being

to cause a downward thrust upon
the guides.

If the engines are made to ro-

tate in the opposite direction, the

conditions will be rev^ersed, and
the thrust T will be always up-

wards for both strokes of the

piston, instead of downwards as

before.

It should be noticed, also, that

wlien the crank-pin drags the

piston—as it does, for example,

when steam is shut off while the

engine continues to rotate—the

direction of the thrust on the

guides is reversed
;
hence the ne-

cessity for a top and bottom
guide-bar under all circumstances.

The amount of thrust on the

guide-bar, that is, the value of T
in Fig. 301, varies according to

the angularity 6 of the connect-

ing-rod, and to the position of the

point of cut-off in the cylinder. The thrust is greatest when the

crank is at right angles to the axis of the piston-rod, providing

cut-off does not take place before half-stroke, and is reduced to

nothing at each end of the stroke
;
hence the guide-bars wear hollow

in the middle, and arrangements should be made for removing the

guides and trueing them up.

It is usually important, in horizontal engines, that the engine should
rotate ifi the direction in which the thrusts of the cross-head are

taken upon the bottom guide-bar. This is especially so for the sake
of efficient lubrication.

When engines are required to rotate in either direction equally.

by the steam, the resistance of the
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the surfaces in contact between the block and the guide are made
equally large

;
but when the engine is intended to rotate always in

one direction, or nearly so, as in the marine engine, electric light

engines, and mill engines, rhe surface on which the thrust comes is

made sufficiently large, while the opposite surface may be much
reduced, as in the case with the slipper or shoe-guide (Fig. 304), the

prevailing direction of the thrust being taken on the largest surface

of the block.

It is necessary that the cross-head should overrun the guide a little

Fig. 305.

at the end of the stroke, so that no ridge may be formed by wear,

which would cause trouble if any slight change were made in the

length of the connecting-rod due to wear or adjustment of brasses.



262 STEAM-ENGINE THEORY AND PRACTICE.

Fig. 305 represents one of the most used types of cross-heads and

slide-blocks, and one which is only being displaced by the necessity

of differently constructed engine frames to meet tlie greater working

stresses due to high steam-pressure and more rapid reciprocation of

moving parts, rather than by any inherent defect in construction

or performance. It is essentially the locomotive pattern of twenty

years ago, and was exclusively used for large fixed engines. The
surfaces in contact with the slide-bars can be increased, so as to have

very low working pressures without unduly increasing the cross-head

and gudgeon.

Figs. 304 and 305 are examples of what might be termed the

marine type of cross-head, for it is universally used with the slide-bar

attached to the back standard of marine engines. The head is forged

solid with the piston-rod. The slipper is made adjustable, and can

be packed out from the head; or the slide-bars can be packed up
from the standards, and the top strips let down.

Fig. 306. This cross-head is used between channel slide-bars, and

also in the Corliss type and with other trunk beds. Adjustment for

wear is obtained by taking out the Imers and drawing the slippers

up the inclined faces. The cross-head is usually made in cast steel,

and the slippers are cast iron.

Fig. 307 is a good example of a light cross-head suitable for

high-speed engines. The wearing surfaces of the cross-head arc
-large in proportion to the diameter of the piston-rod. The gudgeon
is fitted with an oil-box, which is drop-fed in vertical engines, and
wiper-fed for horizontal engines. The gudgeon is cut away at each
side so as to form a relief corresponding to the I’ecess in the brasses,

and to give the wearing surfaces an over-run, and so prevent the
formation of a shoulder when the gudgeon wears.

The slippers are .secured by studs, which are riveted on the wearing
faces and suitably filed clear so as not to have contact with the
slide-bars

The cone attachment of the gudgeon is a good feature, and makes
a very solid arrangement. The split* cone allows the gudgeon to be
always held true, and any slack to be taken up truly.

The sides of the (jross-head are prevented from closing under the
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nip of the gudgeon nuts by projecting nipples on the slippers. The
sli2)pers can be adjusted by inserting sheet-brass when necessary.

The best designs of cross-heads have low pressures on the slipper

face, and if kept below 40 lbs. j)er square inch, adjustments are almost
an unnecessary complication.

The j)ressure on the guide surface should not exceed 100 lbs.

per square inch as a maximum. The maximum pressure on the cross-

head
2
)in should not exceed 1200 lbs. 2)er square inch of diameter X

length.

Fig. 307.

The Connecting-rod.—Figs. 308 to 311 show designs for a connect-

ing-rod of the marine tyi)e. This design is also largely used for land

engines, both horizontal and vertical.

The weight of this type of connecting-rod is less than that of other

types suitable for the same size of crank-pin. It is es2)ecially suitable

for high-speed engines, on account of the smaller amount of crank-

balance required.

The interspace between the cap and body of the large end is
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usually fitted with brass fillers, as shown at A, Fig. 310; the fillers

are retained in place by small studs as shown, and they can be
withdrawn when the rod-

end requires adjustment
by slacking out the main
nuts and lifting the fillers

olF the studs without re-

moving the studs. This

saves taking down the

whole of the large end,

and effects a great saving

of the time required to

adjust the brasses.

All brasses forming a

semicircle tend to close

upon the pin when
heated, unless forcibly

prevented. In this de-

sign the brasses are held

in place by side screws

and by the packing be-

tween the brasses.

In order to further

minimize the risk of clo-

sure of brasses uj)on the

pin, it is usual to cast

or cut away recesses, as

shown at c, Fig. 309.

The surface need not be
cut away through the

Fig. 308 .
whole length of the bear-

ing, for the oil is retained

better if the recess is stoj)ped at each end about J to ^ in. from the
beginning of the radius of the crank-])in junction with the crank-
webs.

In large end connecting-rod brasses for 6-in. crank-pins and
upwards, babbit metal strips are fitted in slotted recesses, as shown
in Fig. 308. The surface of the babbit strij)s is usually left projecting~ in. above the surface of the brass. The bolts bear on each side of

the brasses, and are usually relied upon to prevent the brasses from
turning when the packing pieces are filed thin.

Fig. 312 shows a fork-ended connecting-rod with outside bearings
for attachment to a solid cross-head. It was a tyj)o largely used
some years ago on Lancashire mill engines, but is now largely dis-

placed by more direct and less expensive forms of connecting-rods.
The higher speeds and pressures of to-day necessitate the line of

pressure between cylinder and crank-pin being maintained as nearly
in a straight line as possible, hence the success of the single-piston

rod-brass as against the double set of brasses of the forked connecting-
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rod, with the flat beds and wide-spreading gudgeons of some years

ago. In the latter type it is almost impossible to maintain the

perfect alignment of the connecting-rod, and if the brasses on both

sides are not adjusted exactly similarly, the work is liable to be done

on one side of the fork only, in which case fracture at the root of

the fork may occur.

Fig. 313 is an example of the best type of forked connecting-rod
end, and is used in conjunction with Pig. 311. Great care must be
exercised in forging this type of rod end, so that the grain of the iron

follows the jaw. If the grain crosses the forked part of the rod end,

flaws are often developed, and in view of this it is well to allow a
little greater factor of safety at these points.

Fig. 314 shows a connecting-rod suitable for 10" x 10" X 16" double-

cylinder portable engine. The large end is a simple form of strap



Fig. 312.
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on

type connecting-rod. The taper cotter is used for adjustment in

conjunction with an equal-

taper gib, which holds the
1

end of the strap and prevents
it from opening.

The gib and cotter together

form a parallel couple, and
in adjustment maintain the

alignment of the connecting-

rod. Two gibs are some-
times used, one on each side

of the cotter, the taper

the cotter in this case

halved, and the gibs

made with the same taper.

For very high speeds the

strap type is not so good as

the marine type, for it has
a tendency to bend under the

throw of the connecting-rod,

and, so opening out, to leave

the brasses a slack fit. When
the strap type is used the strap

must be made extra strong, as

in the locomotive connecting-

rod, Fig. 315. The small end
of the connecting-rod is solid,

and suitable for trunk guides. The adjustment is by a fine threaded

Fig. 314.



268
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screw, and is satisfactory for small engines, but not suitable for very

great pressures, owing to the small area of the thread on the screw.

The thread must be

a fine vee thread,

to prevent slacking

out under the re-

peated loadings.

The brasses in all

these examples are

shown close-fitting

at the joint, or, as

it is usually termed, — •

metal to metal.

In cheaper classes

of machinery it is

usual to machine
the brasses solid,

and when they are

fitted, to part them
with a narrow tool,

and fill the space

with wood or leather _

.

strips.

Pig. 315 shows a

locomotive connect-

ing-rod end of the 317^

strap type. It will

be noticed that the end is proportionately much stronger than the

preceding example, and is the outcome of locomotive experience in

actual working. The surfaces of the brass are recessed, and the

recesses are filled with babbit metal. The inner surface of the bear-

ing is radiused to suit the crank-pin, which is made of a gradually

reducing section to avoid sudden changes of section.

Pigs. 316, 317, and 318 show designs for the large end of a con-

necting-rod suitable for engines having overhung crank-pins, as in

the disc type.

The adjustment can be placed at the inner or outer end of the

brass, so as to give adjustment in either direction. All connecting-

rods should be designed so that the large and small end adjust-

ments act in the same direction, and thus practically maintain the

centres of the crank-pin and gudgeon at a constant distance. When
the cylinder clearances are cut down to ^ in. or in., the length

of connecting-rod must remain approximately constant. When
connecting-rods (Pigs. 316, 317, and 318) are used, the crank -pin

is fitted with a loose cap, having a nipple going into the recess

in crank, and held in place by studs and nuts. The connecting-rod

end is put together complete and passed sideways into the crank-pin,

and the cap then put on the end of the pin.

A great advantage is obtained in having the connecting-rod made



i

Fig. 318.

all in one piece, without loose
attachments, such as caps, straps,

etc., for should the adjusting
pieces slack back or fly out, the
connecting-rod cannot get adrift
entirely.

Fig. 319 gives a design of a
large end for the connecting-
rod

. used on the inside crank
of the Webb Compound loco-

motive, and competes closely
with the marine type connect-
ing-rod end for general adap-
tability and lightness.

Fig. 320 is the large end
of the connecting-rod for Sis-

son’s high-speed double-acting
engine, showing a spring self-

Fio. 319. adjustment, keeping the brasses
always up to their work, and

enabling the rod to yield in cases of accidental heating.
Main Bearings.—The main bearings carry the crank-shaft, and
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through them the stresses due to the steam-pressures on the piston

are transmitted to the engine framing.

I

Fig. 320 .

It is important that the main bearings should be set so as to

maintain the true alignment of the crank-shaft, and they must be
so fitted that when weai’ occurs the brasses may be readily removed
and adjusted to prevent distortion of the shaft.

For large main bearings, such as ai*e used in marine work, the
bottom brass of the main bearing is preferably made concentric with
the shaft, so that it may be revolved round the shaft and removed
without taking out the crank-shaft.

To prevent heating of l)earings, it is important that the bearing
surface should be suiiicient to prcvcmt undue load, p, per S(][uare inch
of bearing surface, reckoned normal to the load, namely, = diameter
of journal x length of beaiing. The pres-

sure on main bearings varies from 600 lbs.

per square inch for slow engines, to 400 lbs.

for quick-revolution engines (Unwin).
The nature of the material of the bearing

has much to do with its satisfactory work-
ing. The ‘‘ brasses ” should be made of a

metal which will easily stand a j)ressure per

square inch greater than that likely to be

brought upon the bearing
;
at the same time

it should be a comparatively soft metal, so

as to reduce the possibility of injury to the

shaft by heating and seizing of the shaft Fig. 321 ,

and bearing.

According to experiments made by Mr. J. Dewrance, he concludes
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that the oil should be introduced into a bearing a(3 the point that
has to support the least load, and an escape should not be provided
for it at the part that has to bear the greatest load.’^

*‘The proper point to introduce the oil is just above the joint of

'ZZS
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the bearing at the side (Fig. 321). There the oil is distributed over

the sliaft and carried to the point of greatest pressure. ... It is

desirable that each half-bearing should have its own supply of oil.’’ ^

Fig. 322 is a good example of a main bearing as used on high-class

fixed engines.

The main frame of the engine can be cast solid with, or jointed

to, the main bearing as shown. The bearing is fitted with Jbabbit

metal in suitable recesses, care being taken that no part of the

cast-iron shell is in contact with the shaft.

The bearing is in four parts, and is fitted with two wedges at e/ich

side, which permits of a ready adjustment of the bearing after wear.

The cap is clij)ped over the U
2
)standing jaws of the main pedestal,

and when bolted down it makes practically a solid eye, in which
the main bearing is grip

2
>ed.

Th(i bearing is lubricated by sight-feed lubricators. In large

bearings the cap is usually cored out so as to form a tallow-box.

and the lubricators are attached to a cover, which can bf' easily removed

if desired to inspect the bearing while the engine is in motion.

Engine Frames (Fig. 323).—In designing the frame of an engine,

care is taken to distribute the material so as best to deal with tlie

stresses transmitted from the piston to the crank-})in.

Formerly in horizontal engines the cylind(u*-guides and main
bearings were bolted se2)arately on the bed, which was its(df out of

the line of stress, and was subject to a bending action at each stroke

of the engine. The modern engine frame is designed witli more

regard to the work it has to do, taking the stresses as direct- as

possible and more nearly in the centre line of the? frame. Figs. 323,

324 are details of the engine-bed for a horizontal iriill engine.

In vertical engines, especially for the navy, the dimensions and
weight of the engine framing have been greatly reduced coiripared
with the older class of engines (see the chapter on ^^The Marine
Engine ”). This has been possible by the introduction of a high quality
of steel and steel castings in the place of wrought iron and cast iron.

^ Proceedings Inst. C.E., vol. exxv. p. 359.



CHAPTER XVTIT.

FRICTION OF ENGINES.

Ip an indicator diagram be taken when there is no load on the engine,

an attenuated diagram will be obtained, enclosing a work-area
representing the work required to drive the engine itself against
its own friction.

From experiments made by Dr. Thurston, it was shown that, under
usual conditions, and at all ordinary speeds and steam-pressures, the
friction of the engine remains practically constant, and that the
friction-card of the engine when unloaded represents also the friction

of the engine when fully loaded.

These conclusions have been frequently confirmed, and the
following diagram giving the results of trials of a compound Willans
engine illustrates the same fact, namely, that there is practically a

constant or a nearly constant difference at all loads between the I.H.P.
and the B.H.P. of an engine.

The mechantcal-efficieney curve is drawn for any engine by taking
the value of B.H.P. -f- I.H.P. for various mean pressures, and setting
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up the value of the fraction to a vertical scale of percentage. By
joining the points thus found the curve is obtained.

From Fig. 325, we see that at a mean pressure of 9 lbs. per square

inch (referred to the L.P. piston) the efficiency was only 50 per cent.,

while at 50 lbs. mean pressure the efficiency was 93 per cent.

It will thus be evident that, so far as the mechanical efficiency

is concerned, an engine should be worked up to its full load to obtain

the maximum efficiency. The friction of an engine does, no doubt,

to some extent increase with the load, but the proportional increase

is so small as practically not to affect the result. The above remarks
assume perfect efficiency of lubrication.

Dr. Thurston gives the following values for the relative distribution

of the friction in an engine with a balanced slide-valve : Main
bearings, 47*0 per cent.

;
piston and rod, 32*9

;
crank-pin 6*8

;
cross-

head and wrist-pin, 5*4; valve and rod, 2*5; and eccentric-strap,

5*3 per cent.

The frictional resistance of engines in general varies from about

8 per cent, to 20 per cent, of the full power.

Mr. M. Longridge estimates that the total internal frictional resist-

ance in driving the engine itself unloaded is equal to a pressure varying

from 2 lbs. to 3|^ lbs. per square inch of low-pressure-piston area.



CHAPTER XIX.

BALANCING THE ENGINE.

Since the introduction of high rotational speeds, the question of the
balancing of engines to prevent vibration has been much con-

sidered.

If the moving parts of an engine could be perfectly balanced, then
the engine, if suspended, could be made to rotate in mid-air without
any motion due to inertia of the moving parts. But ordinary engines

are far from being perfectly balanced, and the inertia of the moving
parts of high-speed engines causes large and rapidly varying stresses

in the frame and foundation of the engine.

By the application, however, of properly placed and properly
proportioned balance-weights, combined with care in the general

design, much can be done to reduce vibration to a minimum.
Eflfect of Inertia of Reciprocating Parts.—Considering first the

effects on vibration of the inertia of the reciprocating parts.

In Fig, 826, suppose the piston to be at the end A of the stroke,

and the crank to be on the dead centre
;
then if steam be admitted,

and the total force on the piston is equal to 4000 lbs., this force acts

pressing on the cylinder-cover and piston equally. There is then

a stress of 4000 lbs. acting in the bed-plate, the pressure on the cover

pressing the engine to the left, and the pressure on the piston

pressing the engine to the right, acting through the crank on the

main bearing. The forces are equal and opposite, and cause a s.tress

in the engine, but do not tend to move it upon its foundation.
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Bub when the piston moves, part of the steam-pressure acting

on the piston will be absorbed (as we have previously seen) in

accelerating the piston and the other reciprocating parts, and will

not be felt on the crank-pin. Suppose that the amount of such

pressure absorbed is 500 lbs.
;
then we have 4000 lbs. acting on the

cylinder-cover, pressing the engine in one direction, and 4000 —
600 = 3500 lbs. pressing against the crank-pin in the opposite

direction, making a net stress in the bed-plate of 3500 lbs., and a

further pressure of 500 lbs. tending to press the engine to the left.

The difference between the pressure on the cylinder-cover in one

direction, and the pressure on the crank-pin in the opposite direction,

gradually diminishes up to about half-stroke—depending on the

length of the connecting-rod—where it becomes zero, and beyond
this point the force is in the opposite sense, owing to retardation of

the reciprocating parts
;
and the tendency now is to push the engine

to the right, owing to excess of pressure on the crank, the difference

gradually increasing to the end of the stroke.

On the return stroke the excess of pressure on the bed owing to

the acceleration of the piston is still towards the right, and remains

so, though to a gradually decreasing extent, to mid-stroke, when the

force again changes in sense, gradually increasing to a maximum to

end of stroke. These effects are clearly shown by the diagrams

which follow.

The effect of compression or cushioning of the steam in the cylinder

during the retardation of the reciprocating parts is to remove the

retarding force (acting as driving force) from the crank-pin and
transfer it to the cylinder, where we now have, however, the same
net result on the engine frame, only the stress is applied to the

cylinder-cover instead of to the crank-pin. In this way the stress

due to retardation is removed from the crank-pin at a time when the

force so acting is not acting as turning effect, and the work of

retardation is stored up instead in the compressed steam ready to act

on the piston during the return stroke.

Effect of Unbalanced Rotating Parts.—A further cause of tendency

to rocking of the engine and vibration of the foundations is the
centrifugal force of the rotating

parts acting at the main bear-

ings, consisting of the un-
balanced portions of the crank-
shaft itself, and including a
portion of the weight of the
connecting-rod.

Dealing first with the crank-

shaft itself, the extent of the

W
Fig. 327. centrifugal force = wV, where

(j

r = radius in feet of centre of gravity of unbalanced parts about
axis of rotation, w = velocity in radians per second.
To take an actual example, Fig. 327 is a sketch of a small crank.
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Weight of one arm, in- )

eluding holes as solid (

= {(82 X 0*78) 4. (6 X 8)} 2 X 0*28 lbs.

= 55 lbs.

Weight of two arms = 110 lbs.

Weight of pin enclosed by 1

end of connecting-rod (

= (42 X 0*78 X 5) X 0*28 lbs.

= 17-6 lbs.

To find centre of gravity x of unbalanced portion of crank
(Fig. 328)-

(110 X 3) -f (17*6 X 6) = 127*6 X .x

X = 3 ’4 inches

deferring this to the crank-pin, that is, finding the equivalent

weight {x) acting at a radius of rotation ecjual to that of the crank-

pin—
127-6 X 3*4 = ir X 6

ir = 72*3 lbs.

The centrifugal force F acting on engine bed at throe hundred
revolutions

72*3 .= - w-r
82
72-3 -KT \ 2

f2.IV
V 60 y

^
I-

er-

_x

^
y
IK)

Fig. 828.

176

” 32
^

= 1114 lbs.

Secondly, if a portion of the mass of the connecting-rod be con-

sidered as concentrated at the centre of the crank-pin, then the total

centrifugal force is increased in direct pro-

portion to the increase of mass.

The forces producing the efiects above

referred to may be ai)proximately balanced,

so far as concerns the stresses parallel to

the line of stroke, by* addition of rotating

counterbalancing masses, so arranged that

the forces set up by them during rotation are together equal and
oj)posite in their effects to the forces they are intended to balance.

The balance cannot

be obtained by means
of a single mass, be-

cause it could not be
placed directly opposite

the centre of the crank-

pin, and if the balanc-

ing mass is not in the

plane of the force to

be balanced, an un-

balanced couple is pro-

duced which itself sets

up vibration on a plane

at right angles to that of the original force.

-ik-

Fig. 329.
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This difficulty is overcome by dividing the balancing mass and

distributing it on each side of the crank in accordance with the

following principles :

—

The extent to which balancing masses should bo added depends upon
circumstances, to be more fully considered presently

;
but suppose it

is decided to balance the mass W^, which is eiiuivalent to the follow-

ing masses, all supposed to be concentrated at the crank-pin and to

rotate at the ci^ank radius, namely, unbalanced part of crank-webs -f-

crank-pin + a proportion (say 80 per cent.) of the mass of the connect-

ing-rod + half mass of rciciprocating parts.

Let balancing masses and Wy be placed on the wheel rims,

opposite the crank, so that

—

-f Wyry

This secures a balance of the centrifugal forces
;
also

—

X a = W^rg X h

This prevents the formation of a couple tending to turn the engine

about an axis in a plane at right angles to the (‘iigine-shaft

.

For the case of a two crank-engine, as a locomotive (Fig. th('

same principles are ap-

plied. Thus, let W'
and W" (Fig. 331) re-

])res(‘iit the mass at the

respective crank-])ins

requiring to be ba-

lanced. Then, taking

each crank separately,

the two balancing

masses and are

phiced in the wheels
so that W'l = WTo + also so that

It will be seen from the last eijuation that the heaviest balancing
mass is placed in the wheel nearest to the crank to be balanced.

Similarly, balancing masses and will be placed one in each
wheel respectively, and opposite to the mass W", and these weights
are proportioned as already explained. Thus in each wheel there

are two balancing masses, the heavier belonging to the near crank, and
the lighter to the far crank.

Instead of having two separate masses in one wheel, a single resultant

mass may be substituted. Thus, suppose that in an actual example
the large mass required is 252 lbs., and the small mass 92 lbs., then
the resultant mass is found graphically as shown in Fig. 332, both in

magnitude and direction, and

—

R2 = (252)2 + (92)2

R = 268 lbs.

As a design which reduces the necessity for counterbalancing
masses in the wheels of the locomotive, may be mentioned that for
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the Glasgow and South-Eastern Railway by Mr. Manson, which

consists of four high-pressure cylinders all working on one axle. Two
placed inside under the smoke-box, driving on the

cranked axhi, and two outside, driving on crank-

pins on the driving-wheels. (_)n each side the out-

side crank is opposite the inside crank, so that the

reciprocating masses balance each other (except for

the effect of the shortness of the connecting-rod).

Diagrams of Unbalanced Forces for a Single-crank Engine.^—The
following diagrams illustrate the means of representing by a curve

the direction and magnitude of the forces acting on the engine-bed

of a single-crank engine.

1. The centrifugal force due to the rotation of the unbalanced
portion of the crank-shaft :

—

Draw a circle from centre A with radius AB (Fig. 333), the length
of AB representing to scale the centrifugal force due to the un-

W
balanced portion of the crank-shaft itself = •—w-r, where W = weight

of unbalanced portion of crank-shaft referred to crank-pin, and
r — radius of crank-pin path in feet.

Taking the same values for W and r as are given for Fig. 327, then

—

W
Length of AB = — coV

= 72:3 {2n X 300)^
.

32 (60)'^
^

- 1114
* See also “Graphic Methods of Engine Design,” by A. H. Barker.

252 LBS.

Fig. 332.
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This length is then measured from the scale shown by the side of

the figure, and the circle through B is drawn. The numbers marked
on this circle represent

the several positions of

the crank-pin during
its rotation about centre

A. It is important that

these figures should be

marked on the draw-
ing, ill order to follow

the operation clearly.

2. The force required

to accelerate the con-

necting-rod may be esti-

mated by a separate

construction
;
but it is

convenient in practice

to consider part of the

connecting-rod as con-

centrated at the crank-

pin, causing a propor-

tional increase of cen-

trifugal force in the

crank, and part at the

cross-head, as addition

to the mass of the reci-

procating parts. The
prof)ortional distribu-

tion of the weight of

the connecting-rod is

determined by finding

the centre of gravity,

G, of the rod, as at Fig.

334, and dividing the

mass so mat is

centred at the crank-pin, and at the cross-head.^

In accordance with this method, a distance BC, Fig. 333, is set off

W
from B equal to the centrifugal force of the added weight = — ca^r,

GP
^

where W = gp
of the mass of the connecting-rod, and r = the

crank-pin radius in feet.

Thus, for the engine under consideration the mass of the con-
p

necting-rod = 80 lbs., and (Fig. 334) if
gg

= 0*8, then 80 x 0*8 =

64 lbs. ; also, sincoN = 300 revolutions per minute

—

^ Effects of gravity are neglected.
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q'
2/r-co^r

64

32 (24y X i = 986

= length of BC to scale

Fig. 334.

and the circle of radius AC (Fig. 333) is drawn representing the
total constant centrifugal force acting through the crank and in the
direction of the crank on the main bearing.

3. The force required to accelerate the reciprocating parts of the
engine is represented for crank position AB (Fig. 333) by the vertical

line CD, and the vertical

lines throughout the figure '

beyond the circle through
C represent this force for

the various crank-pin posi-

tions during a complete re-

volution, being a maximum
at crank positions 0 and 6,

and zero at or near crank positions 3 and 9 depending on the length
of the connecting-rod.

To obtain the value of this force CD for any position AB of the
crank, the construction due to Klein, and published in the Journal

of the Franklin Institute, vol.

132, September, 1891, is very
convenient. Thus, if OC (Fig.

335) = the position of the
crank, and CP = that of the

connecting-rod, then, if OC
represents to scale the radial

acceleration of the crank-pin
C = wV, the acceleration of

the reciprocating mass at P
is obtained by the follow-

ing construction : Produce
PC to meet the perpendicular
through O in N

;
draw a circle on PC as diameter

;
with centre

C and CN as radius, draw a circle to cut the circle on PC in BB,
and produce if necessary the line BB to cut OP in E. Then OE
represents the acceleration of P to the same scale as OC represents
the radial acceleration of C. To find the length of CD, Fig. 333,
by the scale of force for position AB of the crank

—

Let mass of reciprocating parts, includ-
{ _ lUa

ing 20 per cent, of oonnecting-rod
j

Force to accelerate reciprocating parts = ~ r27r—^ r x ^
g \ 60/ OC

= 2218 lbs,

= CD (Fig. 333)

In the same way this force may be calculated for all points of the
crank-pin path, taking in each case the respective values foi

Fig. 335.
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OE -r OC obtained by Klein’s method. In Fig. 336 the diagram is

drawn for another position of the crank. The reference letters

Fig. 337.

are common to both figures. When the crank is on the dead centre,

the construction becomes as si 1own in Fig. 337.

If the respective values of OE at various positions of the piston
. stroke are set off above and below^ horizontal base, as at OE' (Fig.

,
— 1—! 338), then a curve AB of accelera-

!

^ tion of reciprocating parts is ob-
tained, which is the same as that

^
Fig 338

already described on p. 242.

An algebraic exj)ression which is

very nearly exact for the force accelerating the piston is—
W .
-— aj“r

9
cos 0 + - cos 29 ^

n J

in which n is the ratio of the length of the connecting-rod to the
crank radius, and 6 is the angle turned through by the crank-shaft
measured from the inner dead centre.

Applying this formula to find the length CD (Fig. 333) when the
crank is at 30'^

—

Acceleration at 30°
^
cos 30° + - cos, 60'’

^
a)V

+ (I X ^}Wr

Then CD =

= 0*977a>2r

W .
r X 0-977

Prof. Dunkerley gives ^ the following useful geometrical construc-
tion exemplifying this formula :

—

Let the outer circle (Fig. 339 be drawn to scale, with radius AB
W

= r, and let this represent to a force scale where W = weight

^ Engineering^ June 2, 1899.
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of the reciprocating parts. Draw two small circles touching at the

centre A, having their diameters along

the line of stroke, and so that their

radius AE = - times the crank radius.
n

Then angle GEF = 2 (angle GAE)
= 2(9

and CD is made = EF

cos 0 + - cos 20 1 = AC + EF = AD

that is, the force of acceleration of the

reciprocating parts for any crank position

W AD ‘

D = ^ X *
= AD to the force scale. Fig. 339.

g AB
Mr. J. W. Kershaw gives the following convenient geometrical

construction for obtaining six points in the curve (Fig. 340) :

—

Fig. 340.

The inertia line CD is first drawn in the usual way for the

W
infinitely long connecting-rod, making AD = BC =

Points E and F in the curve are obtained by making DE = CP

= i AD, where n = ratio of connecting-rod to crank radius = 3 : 1 in
n

this case.

To find two more points, namely, for positions 45° and 135° of the

crank : first find the piston position R for crank at 45° with an
infinite connecting-rod—that is, make KR = ON

;
then find true

position H of piston with short connecting-rod—that is, make
PH = OK. But force due to inertia at R for infinite connecting-

rod is known, and is equal to RT. Draw a perpendicular from H,
and make HS = RT

;
then S is a point in the curve. The same

construction is followed to find S'.

Point S" is obtained by drawing crank position OP" at 90°, and
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finding corresponding piston position H" for short connecting-rod

;

then draw H"S" perpendicular to AB, making = ED.
The point V is obtained as in Fig. 283.

Then the six points E, S, V, S", S', F are found, and a free curve is

drawn through them.
Then for any crank position P', P", P, etc., the force due to inertia is

obtained by measuring the height HS for the corresponding piston

W HS
position H, and finding the value of ^

The proof of this construction for the positions of points S, S ', S'

respectively is as follows : Using for the force F due to inertia for

W / 1 \
any angle 6 of the crank the formula F = — air ^^cos 6 cos 26

j.

then for 45^^, since cos 26 = cos 90° = 0, the last term disappears,

W
and F is now = cos 6^ which is the same as for the infinitely

long connecting-rod
;

therefore HS = RT. Similarly, IT'S' = R'T'
at 135^
When 6 = 90°, as for crank position OP", then

—

W / 1 \
F = --(oV ( cos 90° + ~ cos 180°

)

g \ ^ n /gw
= - ojV I

because cos 90° = 0 ;
and cos 180°= —1. Therefore for crank

position 90°

—

r = ( -1) = FC = DE = I1"S"
g \ n/

Having obtained, by any of the above methods, the value of the

forces for the several points in the crank-pin path, and the direction

and magnitude of the resultant at each point, then by joining the

extremities of the resultants, as at 1', 2', 3', etc., Fig. 333, we obtain

the full curve A'.

This curve shows very clearly what are the magnitude and
direction of the resultant forces acting throughout the involution

;

thus, supposing the engine to be vertical, and the crank to be turning
clockwise about centre A, then the vertical components acting

upwards upon the engine-bed are seen to be a maximum when the

piston is at the top of the stroke, gradually decreasing to zero at about
mid-stroke, and again gradually increasing in a downward direction

towards the ])ottom of the stroke. On the return of the piston from
bottom to top of the stroke, the vertical forces still continues in the

same downward direction, gradually decreasing to zero at about
mid-stroke, after which they change direction and again become
a maximum in the upward direction at the top of the stroke.

The gradual way in which these changes take place is shown by
the smoothness of the contour of the curve.



BALANCING THE ENGINE. 287

Effect of Addition of Balancing Masses.—Suppose masses added
to the crank, as shown in Fig. 341, which will produce forces equal in
magnitude and opposite in direction to the unbalanced portion of the

Fig. 341.

crank-shaft. The effect of this will be that the force represented by
AB, Fig. 3.33, will be neutralized, and this circle will therefore dis-

appear from the figure.

The remaining forces BC, CD (Fig. 333) are set off in magnitude
and direction as before (Fig. 342), commencing with BC = the centri-

fugal force due to the portion of the connecting-rod supposed concen-

trated at the crank-pin, and which is measured from the centre, and
drawing CD as before, for the acceleration due to the reciprocating

parts.

The original curve A' will thus bo reduced to curve B' by finding

the new resultants for magnitude and direction, and setting them off

from the centre B of Fig. 342 for the successive crank positions. By
joining the extremities of the new resultants, the reduced curve of

Wees, cuTwe B', is obtained.

To carry the balancing still further, suppose balancing masses

added sufficient to balance not only the unbalanced portion of the

crank, but also the whole mass of the connecting-rod.

Referring to Fig. 343, the balancing force now required will be

= AB, which represents the amount required to balance the crank-

shaft itself, plus BC, the portion of the connecting-rod supposed to

be concentrated at the crank-pin, plus CE, the further force required

to balance the remainder of the connecting-rod.

The conditions are now as follows : AD (Pig. 343) is the resultant,

as before, of the original forces for position AB of the crank
;
and

we have now to find the resultant effect of two forces, namely AD
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and that due to the balancing mass, whose centrifugal force = AE
acting in a direction opposite to the crank.

This resultant is obtained by joining E to I). Then ED is the

resultant required for crank position AB. In the same way the

resultant may be found for successive positions of the crank.

If now lines be laid off from centre A, equal and parallel to the

respective resultants, in the same way that A1 is drawn e(|ual and

parallel to ED, the successive points 1, 2, 3, etc., will be obtained

through which to draw the force curve Care must be taken to

work round the crank positions in successive order, and to mark the

corresponding crank number on the force curve. It will be noticed

that the numbers on the force curve C'—when drawn in accordance

with the direction of the resultant—have changed sides, and that
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they proceed round the figure in the opposite direction to those
on curve A' (Fig. 343). From this it will be evident that if

any further balancing mass is added, the result will be that curve
will become flatter

vertically and more
extended horizontally

(see curve D', Fig. 344).

The extent to which
such balancing should

be carried will depend
upon the judgment of

the designer.

Curve ])' (Fig. 344)
has been drawn for a

balance weight whose
centrifugal force is re-

presented by the radius

of the circle M. These
diagrams show how the

problem of balancing

is affected by the speed

of rotation, for since all

the forces are propor-

tional to ojV, they in-

crease in magnitude as

the square of the angu-

lar velocity, and only

directly as the radius,

and therefore an in-

crease of revolutions per

minute rapidly increases

the magnitude of the

force curve.

The ordinary quick-

revolution engine for

electric lighting runs at

from two hundred to six

hundred revolutions per

minute according to Ym. 344.

size, hence the great

importance of attention to balancing in such engines.

Curves showing V ertical Components of Unbalanced Forces on Foun-
dations of Vertical Engines due to Inertia of Moving Parts.—The
diagrams constructed in the form of an ellipse in Figs. 333, 342, 343,
and 344 may be drawn on an extended base (representing the unfolded
crank-pin path), the vertical resultants of the forces for each successive

position of the crank being used as ordinates, which when joined form
a series of wave-like curves.

By this form of representation the net upward or downward
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SINGLE CRANK

«—90-- i— 180*—+—27ff-i—360--*

Fio. 345.

pressure on the foundations resulting from combinations of engines on
one crank shaft may be
well seen.

Single-crank Vertical

j; a/ ! II

Engines. — Fig. 345

a\ I \a / • U
shows a curve, AA,
which is drawn by first

taking a horizontal line,

XX, to represent the

unfolded crank-pin path,

and dividing it in a

scale of degrees. Then
for any number of posi-

tions of tlie crank, a

vertical line is set up
representing the vertical component of the unbalanc*(^d force whose
height a above the base line, or of h below the base line, is equal to

the vertical component of the resultant force for the corresponding

crank position as found on the elliptical diagrams Fig. 333, etc.

Thus, comparing Figs. 333 and 345, the position AB of the crank
(Fig. 333) corresponds to the 30"^ position (Fig. 345), and, considering

the case of a single crank at a time, the vertical heiglit DE (Fig. 345)
depends upon the amount of balancing, by the addition of balance

weights, which has been employed. Thus, if there are no balancing

weights, then the vertical component of the resultant Al) (Fig. 333)
for the crank position AB == AH, and E14 at crank position 30°

(Fig. 315) = AH (Fig. 333).^ Tf the ci'ank itself is balanced, then
El) (Fig. 345) = the vertical component of the resultant Bl> = El)
(Fig. 333).^ Or if the balancing by addition of weights has been
carried so far as to balance the crank and tlie portion of the connect-

ing-rod assumed as rotating wdth the crank-pin, then there is no
vertical resultant due to BC, that part being balanced, and the height

ED (Fig. 345) = the vertical CD (Fig. 333).^

The maximum range of vertical forces for a single-crank engine =
the maximum value of a -f b. It will be noticed that the length a,

Fig. 345, is greater than that of b, and these lengths are in the

proportion

—

gr
'(l + 1) :

W-’Yl - 1)
\ n/ gr \ n/

This difference between the maximum upward and downward
vertical stresses on the foundation due to inertia of the moving parts

is sufficient in itself to cause appreciable and even considerable

vibration, and accounts for many of the troubles in engines which
were otherwise supposed to be well balanced.

Two Cranks 180° apart.—Fig. 346 shows a pair of curves, A and B,

for two engines working on the same crank-shaft with reciprocating

* The figures are drawn to different scales.
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parts of equal weight and with cranks opposite. Curve B is, of course,

merely a repetition of curve A, and set 180° ahead of A, but the
vertical dim{3nsions are the same for both curves.

So far as vertical forces due to inertia are concerned, the direction

of the cranks being always opposite, the forces acting on the founda-
tion due to each set

of moving parts are

also opposite, and they

therefore tend to

neutralize each other.

If the obliquity of the

short connecting-rod

were neglected, then X
the vertical compo-
nent for the two en-

gines would exactly

neutralize one another,

and the resultant ver-

tical force would be

TWO CRANKS ATI80

K 180 ^

Fig. 340.
nil But in high-

X... ....

speed vertical engines the connecting-rod is usually exceptionally

short, and the result is that a large difference occurs between the
inertia effects in the upper and lower halves of the revolution. The
difference maj^ amount to many tons in large high-speed, short-stroko

engines.

When these curves, A and B, Fig. 346, are combined as shown, the

net resultant vertical force, shown by the dotted line R, is obtained

by taking tlie algebraic sum of the upward forces a and the downward
forces 1) fur successi^'e positions of the crank = (« — &), and setting

off the result above or below the line XX, according as the result

is positive or negative.

Fig. 340 shows by the dotted line R that the maximum range of

vertical force upon the foundation is much reduced when two cranks

at 180° are used instead of a single crank, and when the weights of

the moving parts are equal in each engine. It is thus clear that

a pair of simple engines will work more smoothly on cranks at 180°

than a pair of compound engines, unless the weight of the moving
parts of each engine of the compound is made equal by increasing,

say, the weight of the high-pressure piston.

Two Cranks at 90°.—Fig. 347 shows curves A and B representing

the vertical components of the forces for a pair of engines of equal

weight of moving parts and with cranks at right angles. The curve
B is the same as curve A, and is set 90° ahead of it. The dotted line

R gives the resultant vertical forces of the combined cranks on the

foundation, and is shown in this case to be considerable. If the weight

of the moving parts of engine B were greater than those of engine

A, then the maximum vertical forces due to inertia would be still

greater than before. Hence, for the purpose of balancing quick-

revolutjon engines, two cranks opposite, with pistons of equal weight,



292 STEAM-ENGINE THEORY AND PRACTICE.

are much to be preferred to two cranks at 90° and pistons of unequal
weight. With the for-

mer arrangement, how-
ever, it is necessary to

increase somewliat the

diameter of the crank-

shaft to secure sufficient

strength (see Fig. 268).

With cranks at 90°, it is

specially important that

the range of vertical forces

on the foundation should

be reduced by the use of

balance weights.

Three Cranks at 120°.

—Fig. 348 shows three

-360*-

Fig. 347.

curves of vertical forces,

A, B, and C, for a set ojf

triple engines, of equal

weights of reciprocating parts, and with cranks 120° apart.

It will be found in this case that the resultant “curve obtained by
taking the sum of the
three forces at any crank
position, and shown dotted
(H) in Figs. 346, and 347,
now disappears, and the
tendency to vibration

due to the vertical effect

of the inertia of moving
parts is eliminated, not-

withstanding the differ-

ence between the accele-

ration and retardation of

the moving parts in the
upper and lower halves

of the revolution.

The fact that the sum of the inertia effects is zero, whatever the
length of the connecting-rod, was first pointed out by M. Normand,
of Havre. The proof is as follows :

—

Let Fi = force due to inertia in one cylinder
;
Fg for the second

cylinder, etc.; W = the weight of the reciprocating parts
; and the

other terms as before
;
then

—

Fig. 348.

F, = ^/^cos 0 + - cos 20 |ft>V

9\ J

Fj = ^ |cos (0 + 120®) + i cos 2(0 + ]20°)|<»V

Fj = ^ |cos (0 + 240°) 4-
^

cos 2(0 + 240°)|“V



BALANCING THE ENGINE. 293

F, + Fj 4. F, = ^«V{cos 6 + cos(e 4- 120°) 4- cos (fi + 240°)} 4- ^^*'foos 2e
gn ^

+ cos (20 + 240)+ cos (20 + 480®)}

Wctf^r= (cos 0 + cos 0 cos 120® — sill 0 siu 120 + cos 0 cos 240°

WoiV— sin 0 sin 240®)4 “(cos 20 + cos 20 cos 240®— sin 20 sin 240°
gn

+ COB 20 cos 480® — sin 20 sin 480®)

WwV/ Vs . , Vs . ^= “ -^^cos 0 — J cos 0
2

sin 0 — J cos 0 + sin 0j

+ 20 — J cos 20 + sin 20- Jcos 20 —^ sin 20y

g gn^ ^

= 0

The removal of the vertical component of the inertia effects by the
combination of three cranks at 120^, with e(iual weights of rcciprocat-
ing parts, is an important point in favour of such an arrangement of
cranks.

Four Cranks in Pairs of Two Cranks opposite.—In this case
also, as in that of the triple engine, the resultant vertical force R
disappears when the weights of the moving parts of each engine are
equal.

Effect of Couples.—So far no account has been taken of the effect of
the “couple” tending to rock the engine endwise, or to alternately
lift and depress the opposite ends of the engine -bed on the line of the
crank, each stroke, but obviously such a
couple exists with engines of two or more
cranks.

In the case of a two-crank engine with
cranks opposite, the moment of the couple
tending to turn the engine endwise, first

in one direction and then in the other, is

equal to the moment (F X a) = (F x c)

— (F X &), tending to turn the engine
about point d, A similar force on the
alternate stroke tends to turn the engine
round e.

Where the value of F at the top posi-

tion of the piston is greater than at the
bottom, as when a short connecting-rod
is used, then the disturbing force is

greater still, as has already been seen.

This tendency to end vibration may
be neutralized by the addition of another
pair of similar engines working on a common bed-plate tending
to produce an opposite couple, and arranged so that the two inside

cranks coincide in one direction, and the two outside cranks coincide
in the opposite direction (Fig. 350). Here the opposing tendencies
to rocking are borne by the bed-plate, and are therefore self-contained,

Fig. 349.
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and so long as the bed-plate is sufficiently strong no vibration is

transmitted to the foundation.

The above four-engine arrangement is equivalent to the following

(Pig. 351), which is a triple engine with the middle crank carrying

reciprocating parts whose weight is twice

that of the moving parts of the outside

.W ,W

iW .w

Fig. 350. Fig. 351.

engines. Here, as in the previous figure, the couples arc balanced,

though owing to the short connecting-rod the vortical forces are not

balanced.

Pig. 352 is a design which accomplishes the same
result as in Pig. 351, but with two cylinders only.

^ ^

In tliis design the low-pressure piston works in the

^ ^
opposite direction to the high-])ressure piston. The

I mn n r
- nrn ii

'™ ^
high-pressure piston is connected to the central

I P crank, and the low-pressure piston to the two out-

i ini 1 1
side cranks, by means of two piston-rods which work

I
? through bushes passing through the metal of the

I I
low-pressure cylinder. The weights of the moving

E ^ parts for both high and low pressure engines are

made equal.

.rii_ In a triple engine with equal weights of recipro-

j

eating parts and cranks at 120°, the couple is not

j
balanced, though the engine may be balanced in

i
respects.

j
To get over this difficulty, it was first suggested

j
j j

by Mr. Robinson, of Messrs. Willans and Robinson,

j
I j

to combine two sets of triple-crank engines on the

j

f|
j

same single rigid bed-plate, and arrange the cranks

I

—I I—^ j

— so that each of the two sets of engines tended to set

LiJ LiJ opposite couples to its neighbour. Thus, if the

Fig 352
cranks are numbered 1, 2, 3, 4, 5, 6, then if 3 and
4 are vertical, 2 and 5 will point to the right and be

30° below the horizontal, and 1 and 6 will point to the left and be

also 30° below the horizontal. Then these two separate, unbalanced

cou,ples neutralize each other, and as there is no tendency to vibration
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from vertical forces in each of the two triple engines, the engine is

free from vibration.^

Vibration due to the couple, in engines for light vessels, such as

torpedo-boats, may be to some extent modified by strong diagonal fore-

and-aft bracing-stays connecting

the after cylinders with the forward
part of the bed-plate (Fig, 353).

By this means the engines are

made more rigid, and the vertical

couple of moment M X B, which
would give to the hull of a light

vessel a vertical undulatory mo-
tion, is replaced and absorbed by
a horizontal moment, N x E, the

length E being the vertical dis-

tance })etween the longitudinal

deck stays, and the fastenings of

the bed-plates with the bottom of

the ship.

M. Normand points out^ that

witliout a complete system of

strong diagonal, longitudinal brac-

ing of the (mgines, and horizontal

stays at the top and bottom, tlu

reciprocatinir

Fig. 35:].

.«

k
'h

..-c—

.

itL

equalization of the weights of the

parts (though decreasing the net vertical stress) would

increase the rocking motion due to the couple, and the more so the

longer the distancci J) between the fore and aft cylinders.

The Use of a Plane of Reference.*^—If a loaded crank rotate about

the axis of a crank-shaft, the outward force

or pull acting radially through the centre of

W
mass = F = wV.

'J

But if the ehect of this radial pull is con-

sidered in relation to some plane ah at right

angles to the axis, but at some distance c from

the crank, and which we will call the plane of

reference, then the eliect of the single force F^

(Fig. 354) acting at the crank is equal to

—

(1) A force, F2 ,
acting in the plane equal and parallel to Fj,

togeither with

(2) A couple of momcmt, Fj x c, tending to turn the shaft iwnd
in a plane at right angles to the reference plane.

If several cranks rotate in the same shaft at any angle with each

Fig. 354.

* See a paper by Mr. Kobinson and Captain Sankey, Proc. Inst. Naval Arcld-

iects, 1895.
* Engineering., October 27, 1893.
® For the method which follows, dealing with the balancing of four-crank

engines, the author is indebted to Prof. Dalby’s valuable paper on the “ Balancing

of Marine Engines :
’’ Proc. Inst, Naval Architects, 1899.
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other, and at various distances from the reference plane, then each

separate radial force, when referred to a common plane of reference,

is equivalent to a force acting in that plane, equal and parallel to the

original force, and to a couple the moment of which is equal to the

force at the crank multiplied by its distance from the reference plane.

Eeciprocating Masses.— If masses Mj and Mg on the respective

cranks of a two-crank engine with cranks opposite are equal, then

the cranks are balanced in all positions, so far as moments about the

crank shaft axis are concerned (neglecting the efiect of the short

connecting-rod, and the couple).

Also, for all positions of the opposite cranks, the engine is similarly

in balance if, for the equal rotating masses, equal reciprocating masses

are substituted, each driven from its respective crank
;
and thus the

result as to balance is the same whether the masses ai‘e reciprocated

or rotated. Hence, if masses balance as a rotating system, they

balance also as a reciprocating system.

Similarly for any number of cranks, at any angles, if the rotating

masses balance, the reciprocating masses will also balance, provided

they are respectively arranged in the same proportion to each other

as the rotating masses.

The conditions of balance may now be stated thus :

(1) If, in the plane of reference, lines taken in order be drawn
parallel to the respective crank radii and proportional to the forces

(or to the masses when the cranks are of equal i*adius) acting at the

respective crank-pins, the figure obtained is a closed polygon.

(2) If, ill the plane of reference, lines taken in ordc^r be drawn
parallel to the respective crank radii and ]:)r()p()rtional to tlie 'moments

(f the forces (or of the masses

when the cranks are of equal

radius) acting at thd respec-

tive crank - pins about the

origin at the plane of re-

ference, the figure obtained

is a closed polygon.

These conditions apply

equally whethcir the masses
are reciprocating or rotating,

the reciprocating masses
being considered, for the
purpose of solving the pro-

blem of balance, as if they
were rotating masses.

For a triple-crank engine
(Fig. 355), with cranks at

120°, if a plane of reference

be taken through one of the
end cranks (say No. 3) and

the crank positions be projected on the plane, then condition (1) may
be fulfilled, so far as the forces acting at the respective crank-pins

Fig. 355.
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are concerned, when those forces are equal, because a closed figure

may be drawn whose sides are equal to each other and parallel to

the crank radii.

But it is evident that when the forces at the crank-pins are unequal
and the cranks are at 120°, the condition of balance of forces is not

fulfilled, because it is not possible to close the force polygon.

It is also evidently impossible to fulfil condition (2) for a three-

crank engine, as the moment of the force acting on crank 3 about the

origin at the reference plane is zero, and the two remaining moments
(Fj X h') and (Fg X a) do not form a closed figure ; unless the cranks

are as shown in Fig. 351, which fulfils all conditions of balance, except

for the disturbing effects of the short connecting-rod. It will be
observed that the conditions here laid down for perfect balance ignore

the effect of the short connecting-rod, which effect, as has been already

explained, may in itself cause considerable vibration, though the

engine is balanced in all other respects. The influence of the short

connecting-rod is more serious in quick-revolution engines, as its

disturbing effect varies with the square of the angular velocity of

the crank.

Applying the previous conditions of balance to the case of a four-

crank engine, suppose the respective distances between the cylinder

centre lines are chosen (Fig. 356), and the weights of reciprocating

parts for three of the engines are approximately fixed, it is required

to find (1) the relative crank positions, (2) the reciprocating mass
for the fourth crank necessary to balance the mass of the other three

cranks.

Take a plane of reference through one of the end cranks, namely,
crank 1, whose relative angular position and weight of moving parts

are not yet fixed.

Then the data may be conveniently set out in a tabulated form as

shown thus :

No. of
crank.

Distance of centre

of crank from
reference plane.

Mass at crank.
Ratio of
masses.

Mass moment
about reference

plane.

1 0 1 (1720) (0-57W) 0
2 3 ft. 3000 W

; 9000
3 5 ft. 4500 1-5W 22,500
4 7 ft.

1

3000 W 21,000

The figures in the brackets are, in the first instance, unknown, and
have to be determined by the construction which follows.

j^OTE.—If the radii of the several cranks were difierent, then it

would be necessary to multiply each mass in column (3) and each
mass moment in column (5) by its respective crank radius; but in

ordinary engines the crank radius is the same throughout, and the
.proportional result is not affected.

First, draw the polygon of mass moments about the origin in the
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reference plane. In this case, since one of the cranks is in the refe-

rence plane, only three cranks have moments about the plane, and
the polygon is therefore a triangle.

u- — 7'—^

Fig. 35G.

First, for crank 4, draw AB horizontal = 3000 X 7 = 21,000 to any
convenient scale of units

;

For crank 3, draw BC = 4500 X 5 = 22,500

For crank 2, draw OA = 3000 x 3 = 9000

These lines form a closed triangle of mass ^moments, and the cranks

are in balance if made parallel to the lines AB, BC, and CA, namely,

cranks 4, 3, and 2 parallel to AB, BC, and CA respectively. These
directions of the cranks are then drawn as shown in Fig. 356.

It now remains to find the direction of the crank No. 1 relatively

to the remaining cranks, and to find the mass rotating at the crank-

pin, in order to complete the balance.

This will be obtained in the next process by finding the direction

and magnitude of the line required to close the mass polygon. What-
ever position crank No. 1 may have will not afiect its mass-moment
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balance, as the crank is in the reference plane, and its moment
is = 0.

Secondly, draw the mass polygon to some other scale of units,

making the lines representing the mass at each crank parallel to the

respective cranks.

The figure may be partly superposed upon the moment polygon, and
the mass lines, for each crank, drawn parallel to the moment lines.

Thus Ah = 3000 = mass at crank 4 ;
tc = 4500 = mass at crank 3

;

cd = 3000 = mass at crank 2. Then the line dA required to close the

mass polygon gives in magnitude the mass of the rotating or recipro-

cating parts, whichever may be under consideration, and the direction

dA, when transferred to the end view of the crank-shaft, gives the

angular direction of crank 1.

To check the accuracy of the work, it is well to take a new reference

plane through crank 4, and to draw a new mass-moment triangle,

composed of the moments of cranks 1, 2, and 3 about the origin at

crank 4. If the figure again closes, the work is correct.

This diagram (Fig. 356) is given as illustrating method of procedure,

and is, of course, subject to the modification as to weights and centre

distances to suit practical requirements.



CHAPTER XX,

STEAM-ENGINE PERFORMANCE.

In the early days of engine-testing, it was usual to express the per-

formance of the engine in terms of the number of pounds of coal used

per indicated horse-power p(3r hour.

If the object were to express the performance of the whole plant—
engine and boiler included—and if the heat value of 1 lb. or coal

were a constant quantity, then there would be no objection to this

unit of measurement, and it was, and is still, in fact a useful, if not

an exact method.
But as a scientific measure of the performance of the engine itself it

was valueless, because it included also the performance of the boiler,

which latter might be either good or bad
;
and thus two engines of

equal merit, the one attached to a good and the other to a bad boiler,

might show widely different results.

The more usual system at present is to express the performance of

the engine in pounds of steam used per hour per indicated horse-power.

But this unit also is not satisfactory, because the number of heat-units

employed to generate a pound of steam is not uniform, but depends

upon the pressure of the steam, the temperature of the feed-water, and,

if superheated, the degree of superheat employed.

The error is comparatively unimportant when saturated steam
within the ordinary limits of pressure is being considered, but for

• superheated steam the case is very different. Thus the total heat from
32° Fahr. per pound of saturated steam at 50 lbs. absolute pressure

is 1167 heat-units, and at 150 lbs. pressure it is 1190 heat-units,

while the total heat of steam at 150 lbs. pressure superheated 300°

Fahr. is 1334
;
and since it is the heat that does the work, and not

the steam, the weight of steam used as a measure of relative efficiency

is very misleading. In each of the above cases 1 lb. of steam may
be used, but in the last case—^that of the superheated steam—it

contains 14*3 per cent, more heat than the 1 lb. of saturated steam
at 50 lbs. pressure.

A committee of the Institution of Civil Engineers has recently

considered this question, and issued a report containing the following

recommendations :

—

‘‘ L That ‘thermal efficiency,’ as applied to any heat-engine, should
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mean the ratio between the heat utilized as work on the piston by
that engine, and the heat supplied to it.

“2, That the heat utilized be obtained by measuring the indicator

diagrams in the usual way.
“3. That in the case of a steam-engine, the heat supplied be calcu-

lated as the total heat of the steam entering the engine, less the water-

heat of the same weight of water at the temperature of the engine

exhaust, both quantities being reckoned from 32° Fahr.

4. That the temperature and pressure limits, both for saturated

and superheated steam, be as follows :

—

Upper limit : the temperature and pressure close to, but on the

boiler side of, the engine stop-valve, except for the purpose of calcu-

lating the standard of comparison in cases when the stop-valve is

purposely used for reducing the pressure. In such cases the tem-
perature of the steam at the reduced pressure shall be substituted.

In the case of saturated steam the temperature corresponding to the

pressure can be taken.
‘‘ Lower limit : the temperature in the exhaust-pipe close to, but

outside, the engine. The temperature corresponding to the pressure

of the exhaust steam can be taken.
‘‘5. That a standard steam-engine of comparison be adopted, and

that it be the ideal steam-engine working on the Rankine cycle between
the same temperature and pressure limits as the actual engine to be

compared,
“ 6. That the ratio between the thermal efficiency of an actual engine

and the thermal efficiency of the corresponding standard steam-engine

of comparison be called the efficiency ratio.

‘‘7. That it is desirable to state the thermal economy of a steam-

engine in terms of the thermal units required per minute per I.H.P.,

and that, when possible, the thermal units required per minute per

B.H.P. be also stated.

“8. That, for scientific purposes, there be also stated the thermal

units required per minute per H.P. by the standard engine of com-
parison.” ^

The steam-engine was taken to include everything between the

boiler side of the engine stop-valve and the exhaust flange. The
condenser was not included.

In accordance with the above recommendations, it is probable that

in future steam-engine performance will be expressed in terms of

thermal units required per minute per I.H.P.
To convert pounds of steam per I.H.P. into B.T.U. supplied per

I.H.P.—

j^rrjT _ weight of steam per minute X net heat-units per pound
15.1. U

As the ideal standard of comparison, the Committee of the Inst.

C.E. recommend a perfect engine working on the Rankine cycle,

which is understood to mean an engine receiving steam at its upper

limit of pressure and temperature equal to that measured close to but

* Proo. List C.K, vol. cxxxiv.
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on the boiler side of the engine stop-valve, and continuing this

pressure and temperature up to cut-off. Beyond cut-off the steam is

assumed to expand adiabatically in the cylinder down to a pressure

equal to the back pressure against which the engine is working.

The steam is then exhausted from the cylinder at constant pressure

corresponding with the lower limit of temperature. The above cycle,

which has hitherto been called the Clausius cycle, it is now proposed

to call the Rankine cycle.

The B.T.TJ. required per minute per I.H.P. for the standard engine

of comparison is given by dividing 42*42 by the efficiency of the

cycle.

1. The efficiency of the Rankine cycle for saturated steam is given

in the report above referred to as

—

(T„ - T.)(l + - T„ hyp. los

L„T^r,;- Tr
~

See equation (1), p. 54, where T„ and T,. = absolute temperature of

saturated steam at stop-valve and exhaust respecti^ ely.

2. For superheated steam the efficiency becomes

—

(T„-T,)(n-^^)+ 0-48(T,-T„) - T,(hyp. log .p" + 0-48 hyp. lo-
J')

L„ + T„ - 0-48(1’7^^.)

where T, = absolute temperature of superheated steam at stop-

valve.

If expression (1) above be = a, and expression (2) be = then

42*42 X
^
= B.T.U. per I.H.P. per minute for the standard engine

of comparison for saturated steam, and 42 42 x
^

for superheated

steam.

To facilitate the use of the standard, and to avoid calculation, the

following diagram (Pig. 347), prepared in the first instance by Captain
Sankey, may be used, from which the number of B.T.U.’s per I.H.P.
per minute may be* read directly for the case of the ideal engine
working between known limits of temperature T,^ and T,,.

Example.—Suppose an engine working between the temperature
limits of 350° for initial steam and 140° for exhaust steam, then
where the vertical through the 350° point on the base line cuts the
curve through the 140° point on the right-hand scale, we find the

horizontal line which, when traced to the left-hand scale, gives 180
as the number of B.T.U. ^s per I.H.P. per minute required by the ideal

engine working between these temperature limits.

Boulvin’s Method of Transferring Indicator Diagrams to the
Temperature-Entropy Chart.— The following diagram, first devised
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by Professor Boulvin, illustrates a useful method of transferring in

full the indicator-diagram to the chart. By means of such transfer

it is readily seen where the losses in any engine or combination of

engines occur.

It shows for any engine what use it makes of the heat-units supplied

Y

to it per pound of steam, and by plotting diagrams from separate

engines whose performance it is desired to compare one with the other,

it is easily seen where and in what respect one engine is superior to

another in efficiency as a heat-engine.

Four axes are drawn from centre O, in Fig. 358, namely OP, OY,
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OM, and OV, which represent respectively lines of pi’essure, tern-

perature, entropy, and volume to any convenient scales.

Set off on OY a scale of tempei-atures, and on OP a scale of

pressures; a temp(irature-pressure curve is then drawn in YOP by
joining thci interscictions of the proj<ictions from corresponding pressure

and temperature values for steam, as obtained by reference to the
Steam Tables.

The temperature-entropy portion YOM of the diagram between the
axes of temperature and entroj)y may be drawn, as already described

on p. 43, or the respective lines of the diagram may be transferred

from the chart, Plate T.

For the lino of volumes, set off along the OY, to any convenient

scale, a scale of cubic f(^et, and make its length at least equal to that

of the volume of 1 lb. of steam at the lowest pressure used. Wit}>

the scales of volume and pressure now fixed, draw from the Hteain

Tables the saturated steam curve.

To place the indicator diagram in the pressure-volume portion POV
of the figure, it is necessary to already know the relation of the indi-

cator diagram to the clearance line and the saturation line (see p. 116),

in which case it can be transferred directly by plotting it to the new
scales of pressure and volume.

To transfer the indicator diagram to the temperature-entropy

portion of the figure by means of the graphical method, it is necessary

to draw lines relating volume and entropy, as shown in the volume-

entropy portion YOM of the diagram. To draw these lines, take

any convenient point A on th(‘ sHturafion curve, say through 40 lbs.

on the pressure scale
;
draw the vertical line AD to the temperature-

pressure curve, and the horizontal line DK cutting the temperature-

entropy lines in Fj and K. Project EH vertically to meet CjM in H,
and jiroject KT vertically to meet the horizontal line AT in T. Join

HT. From B draw a horizontal BG to cut HT in G, and from G draw
the vertical GF to cut EK in F. Then the point B on the indicator

diagram is transferred to the point F on th(^ temperature-entropy

chart. Any further number of points may b(i transferred in a similar

manner.

Weight of Steam used by the Engine.— 1. When the engine

exhausts its steam into a surface-condenser, then if the condensed

steam be collected and weighed, and at the same time the power
of the engine be determincMl from indicator diagrams, the weight of

steam per I.H.P. per hour may be directly determined. The weight

of condensed steam should correspond with the weight of feed-water

supplh^d to the boiler during the same period.

2. When the engine exhausts into a jet condenser, it is more
difficult to determine the steam consumption at the condenser end,

and it will usually be obtained by measurement of the boiler-feed.

It may, however, be found with approximate accuracy by passing

the combined condensing-water and condensed steam over a weir

or tumbling-bay, or through a number of orifices (say twenty) bored

out to gauge, and fixed level in the end of the tank receiving the

X
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contents of the condenser. The tank should be provided with baffles

to steady the flow of the current. If, then, the contents flowing from

one of these orifices be collected separately and weighed, and the result

multiplied by the number of orifices, the total weight of water passing

away per unit of time will be obtained.

If S = weight of condensed steam, and W = weight of injection

water, then total water weighed == W + S per minute. . . . (1)

If and /a = initial and final temperature of the injecjtion water

obtained by delicate thermometers, then W(^2 — ^]) = heat carried

away by injection water. Let U also equal temperature of food.

Heat supplied by steam = S(H — Aa)? whore H is total heat of the

steam, and = (temperature of feed — 32). Then—
S(H — li^= (work done in heat-units per minute) -fW(t — . (2)

Or, if temperature of feed is not the same as that of the condensed

steam, then

—

S(H — /ig) = work done + 8(^2 - + W (/g — ^j) . . (3)

We have now two equations—(2 or 3) as above, and (1) equal to the

numerical value in pounds of W -f S by weight during the test.

J>y combining theses equations the value of 8, or the weight of

steam per minute, can be obtained.

Then S -f- I.H.P. = weight of steam per I.H.P. per minute

On the Increase of Initial Steam-prossure.—The economy of engines

in regard to steam and coal consumption per unit of power will always

be a roost, if not the most, important factor in determining the relative

value of difierent types and combinations* of engines and 'ooilers.

If this condition is to be fulfilled regardless of any other condition,

then the direction in which such economy must ))e looked for is by
the adoption of the highest practicable steam-pressures by the use of

water-tube boilers—which are now working as high as from 250 to

300 lbs. per square inch and even more—and Ijy the further adoption

of superheating both in the first and again in the succeeding cylinders,

combined, of course, at the other end of the scale with the most
perfect condensing arrangements.

A study of the temperature-entropy diagram will show at once that

in the directions above indicated must be sought the maximum
theoretical efficiency of the steam-engine, and 'that with a constant

minimum loss at *exhaust, a maximum work area per pound of

steam can only be obtained (1) by increased initial pressure, and

(2) by reduced loss by cylinder condensation, which is the object of

superheating
;

the amount of superheating employed being so much
as will secure dry saturated steam at cut-off, and not such an amount
as will result in the actual presence of superheated steam after cut-olf

in the cylinder. The amount of superheat in the initial steam to secure

this result has already been given in the chapter on Superheating.

The above requirements for maximum efficiency of the steam are to

some extent ideal, and there are many practical difficulties which yet

remain to be overcome, but they represent the direction towards which
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the more progressive engineering will continue to aim
;
and where

maximum power per unit of weight of machinery is the primary

consideration, regardless of cost in other directions, the maximum
possible pressures will be employed, and superheating, though at

present in abeyance, will probably follow, at least in some degree.

But where, other conditions than the above obtain, that is, where cost

of maintenance, attendance, repairs, depreciation, loss through stoppages,

etc., all have to be considered, as is the case in most stationary work, in

estimating the real commercial economy, it is doubtful w^hether even

the most up-to-date stationary engineering will adopt the extremely

high pressures used by marine engineers for the sake of maximum steam

economy as such, and as distinguished from all-round economy, thougli

probably superheating will continue to increase in favour. In a recently

published pam])hlet giving tlie result of two-cylinder-compound engine

trials, Messrs. Hick, Hargreaves & Co., of Bolton, say

—

“ At tlie present time there is a strong and increasing tendency towards compound
engines working at a high boiler pressure (about 160 lbs.), in preference to triple

and quadruple expansion engines for millwork. . . . Experience has shown that

whilst two cylinder compound engines have great advantages in the way of sim-

plicity and reliability, they can compete very closely even in steam-engine economy
per with the b(;st triple-expansion engines, and that they actually afford the

least expensive and most satisfactory metliod of driving a factory when all the items
of expense are taken into account. The use of superheating will tend strongly in

the same <lii*ection by reducing the loss by cylinder conden.sation, the reduction of

which is the one excuse for multiplying the stages of expansion in separate

cylinders. Mill engines arc fitted with valve gear capable of giving any desired
ratio of expansion in each cylinder. This factor is frequently overlooked when
comparing mill engines with mariiio engines, in which the valve gear employed will

only allow of a limited amount of expansion in any one cylinder.'^

An inve.stigation was recently (1897) carried out by Mr. Dugald
Drummond on “ the use of progres.sive high-pressures in non-compound
locomotive engines,’’ to ascertain the increase of eflicieticy deriv(?d from
raising the boiler pres.sure. The following table sho^v^s some of the

results obtained :

—

Original pressure. liaised to
(Jain per cent, steam-

consumption.

lbs. per sq. in.

140
l])s. per sq. in.

IGO 11 to 13
150 175

1

15
150 200 81

175
1

200
1

11-92

As already pointed out, the numerical value of the thermal

efficiency obtained by increasing initial pres.sures is proportional to

the range of iemperaturr worked through by the engine divided by the

* Proc. Inst. C.E.j voL cxxvii. p. 225.
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initial temperature (absolute). Also the initial temperatures do not
increase at the same rate as the pressures

;
on the contrary, while the

initial pressures rise very rapidly, the temperatuni iiun'ease is com-
paratively small, especially so at the higher pressures. Thus, for steam
at 170 lbs. a})solute pressure, the temperature is 308® Fahr., while for

steam at 250 lbs. absolute pressure the temperature is 400^ Fahr. If

in both cases the steam is exhausted at a temperature of 150° Fahr.,
which is equivalent to a pressure of about 4 lbs. absolute, then it will

be seen by measurement from Fig. 357 that in the case of the 170 lbs.

initial pressure the B.T.U.'s per I.H.P. per minute recjuired for the
ideal engine = 175, and for 250 lbs. pressure the B.T.U.’s = 160, that

is, a gain of X 100 = 8*6 per cent., or in practice a gain of

about 6 per cent, of heat expended per I.H.P., for an increase of 47 per

cent, in the steam-pressure, which gain seems hardly likely to tempt
engineers in the direction of an indefinite increase of pressure from the

point of view of economy of heat, especially when the higher pressures

are accompanied by difficulties such as

—

(1) Increased strength, weight, and initial cost of boilers, steam-

pipes, engine cylinders, and fittings.

(2) Increased losses by radiation throughout the whole plant,

including boiler, steam-pipes, and engines.

(3) Increased cost for repairs and maintenance.

But, as already stated, there are other considerations, besides

thermal efficiency, which leads to the adoption of the highest steam-

pressures, especially that of the incrcasr of power per unit weight of
engines, which follows the increase of steam-pressure. For it will be

remembered that in a given engine the power increases directly in

proportion to the increase of initial pressure, the point of cut-off in the

first cylinder being assumed constant.

Hence the reason for providing warships, for example, with the

highest available working pressure regardless of difficulties.

Reduction of Pressure by Reducing-Valves.—It is now usual

in water-tube boilers to reduce the pressure from 300 lbs. in the

boiler to 250 lbs. at the engine. This permits of the initial pressure

on the engine being kept more consistently constant than would
be the case if there were no reducing-valvc between the boilers

and the engine it is also equivalent to increasing the volume' of

the steam space of the boiler without increasing the size of th'^

boiler. It is often stated that this wire-drawing of the steam

by reducing the pressure from 300 to 250 lbs. per square inch, is

a convenient means of supplying superheated steam to the engines.

But unless the steam supplied by the boiler is perfectly dry, or

nearly so, which is a large assumption, there can be no super-

heating : thus, the total heat of steam at 300 lbs. pressure = 1209'3,

and at 250 lbs. pressure = 1204-2^that is, 5T units of heat are

liberated when the steam is wiredrawm from 300 lbs, to 250 lbs.

pressure. Assuming the boiler steam to contain 2 per cent, of

moisture, then on passing through the reducing-valve the liberated
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5*1
neat-units will evaporate -j- lbs. of water (moisture) into steam,

whore L = latent heat per pound of steam at 250 lbs. pressure.

^29.5
= 0 006 lb. of water evaporated. Therefore the steam wetness

is now reduced from 0*02 lb. per pound to (0-02 — 0*006) lb. per
pound, or the wetness is reduced from 2 per cent, to 1*4 per cent.
But there has been no superheating of the steam.

If the steam from the boiler were perfectly dry, then on passing
through the reducing-valve from 300 to 250 lbs. pressure 5*1 units
of heat are liberated, and taking 0.48 as the specific heat of steam,
then 5*1 —0*48 = 10*6 degrees of superheat.

Steam-consumption. The Willans Straight-line Law.—It was first

pointed out by P. W. Willans that if the total steam-consumj)tion per
hour of a throttling or constant

expansion engine be plotted

as ordinates on a horse-power
or mean-pressure base, the

result is an oblique straight

line, as shown in Fig. 359.

That this must be so theo-

retically will be obvious from
the following illustration.

In Fig. 360 cut-off at 0*6

or two expansions is taken,

and an initial pressure of 90
lbs. The mean pressure is =
76*2 lbs. (found by means

of the formula and the terminal pressure is

45. At an initial •pressure of 45 11)S. the mean pressure is 38*1 lbs.,

and the terminal pressure 22*5 lbs.

In Fig. 361, the terminal pressures are set up vertically as ordinates,

and the mean pressures are drawn horizontally as abscissae
;
and the

ABS. MEAN PRESSURE
Fia. 359.

intersections give the straight line of steam-consumption oa^ because

the steam-consumption per stroke is proportional to the terminal

pressure in theoretical engines.
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If the term I.H.P. be substituted for “mean pressure,’’ as may be
done when the speed of any given engine is constant at all powers,

then it may be stated that the total weight of steam used varies
directly as the LH.R, or, in other words, the weight of steam per
IH.P is constant at all powers when back pressure, friction, and all

other losses are neglected.

The oblique straight line obtained by plotting the steam-consump-
tion as explained above would not be quite straight, but slightly

curved if adiabatic expansion had been used, instead of hyperljolic.

By choosing A^arious cut-olF points a series of oblique lines may be
drawn (Fig. 362), each separate straight line repi;esenting the steam-
consumption for a separate fixed cut-ofi* with variable initial pressure
at that cut-off.

The Curve of Steam-consumption for Variable Expansion.—If a scale

of absolute initial steam-pressures be marked along the oblique lines

in each case, and a free curve be drawn by joining the corresponding
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pressure-points on the respective oblique lines, then the curves ob-

tained will give—by an ordinate measured to them from the base

—

the steam-consumption for a variable cut-ofF with a constant initial

pressure
;

thus Fig. 363, line Oa is drawn as a line of steam-con-

sumption for a cut-off in the cylinder at 0*6, and at various initial

pressures
;
line Oh is drawn similarly for a cut-off at 0*4

;
and line

Oc for a cut-off at 0*2, and a pressure scale is marked upon each

line respectively. By joining points a, 6, c at the common pressure-

points of 90 lbs., a curve of steam-consumption ahc is obtained.

If the vertical ordinate be measured to the curve for any point of

cut-off from 0*2 to 0*6 of the stroke, the total steam-consumption

is obtained at a constant initial pressure of 90 lbs. per square inch.

The same result may be obtained by measurement from a theoretical

indicator diagram, as follows:

—

Draw indicator diagrams (Fig. 364) showing the variable expansion-

curves for constant initial pressure with cut-off* at 0*2, 0*4, 0*6 of the

stroke, and find by ineasurciineiit or calculation the mean juessure for

each case reckoned to zero back prc^ssure.

Then plot on squared })aper the terminal pressures as oi’dinates,

and the mean pressure's as abscissai (Fig. 365). The terminal pressures

are proportional to the

weight of steam ex-

hausted, and the verti-

cal scale may thus be
made to represent steam-

consumption.

Thus in Fig. 364,

with cut-off at 0*6 of

the stroke, the mean
pressure is 81*7 lbs.,

and the terminal pres-

sure 54 lbs.
;
at points

of cut-off 0*4 and 0*2

the mean pressures are

69 and 47 respectively,

and the terminal pres-
Fig. 365.

sures 36 and 18.

In Fig. 365 the mean pressures are plotted on a base-line, and the

terminal pressures on the vertical scale to represent proportional

steam-consumption. By joining the intersections of the corresponding

mean and terminal pressures, the curve ahc is obtained as before

(Fig. 363).

It will be seen that this curve falls below the straight line oa,

joining the origin 0 with the point a of maximum power, and if an
ordinate be measured from the base-line at a given mean pressure,

the vertical height measured to the curve is less than that measured
to the straight line oa, and the difference between the two heights

is the relative difference between the total steam-consumption under
the two systems

;
the straight lines representing the varying steam-
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consumption at fixed points of cut-off, when the power is regulated
by throttling, either by hand or by a governor

;
and the curve repre-

senting the steam-consumption at constant initial pressure when the
power is regulated by varying the point of cut-off by hand or by a
governor.

In the same way, lines and curves have been drawn (Fig. 366)
showing the relation between the steam-consumption when the two
methods of varying the power are compared. Thus, taking three
different cases of constant cut-off engines, namely, two, six, and four-

teen expansions respectively, and comparing them with three variable

expansion engines having the same cut-off at maximum power. If

each starts with the same initial pressure and the same cut-off, as at

d, e, and /, and the mean pressure is reduced (in the straight-line

or throttling engine, by reducing the initial pressure
;

and in the
variable expansion engine by keeping the initial pressure constant
and increasing the number of exj)ansions), then if the absolute
terminal pressure of the theoretical indicator diagram, or the steam-
consumption per stroke, be set up as verticals, it will be found that
their height is less with the variable expansion than with the
throttling engine.

It will be seen by the figure (Fig. 366) that the difference is much
greater for the simple two-expansion engines than for engines with

many expansions, such as triple-expansion engines, in which the possible

difference between the two systems of regulating the power is small,

as seen by the nearness of the curve to the straight line of.

If the engine considered is a theoretical non-condensing engine,

then the oblique line OM (Fig. 359) is the line of steam-consumption

;

and OA is the back pressure of the atmosphere. In practical cases
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the length OA represents the equivalent loss of effective mean
pressure due to back pressure, condensation, leakage, radiations, etc.

Taking now a practical case in which the friction of the engine
is included.

It will be noticed that in the theoretical cases taken so far, all

the throttling straight lines and all the variable expansion-curves

pass through the origin O of the diagram
;

that is to say, in a
theoretical engine there is zero steam-consumption at zero mean
pressure.

But in practice that is not
the case, and if the oblique §
line drawn from an actual ^
engine tost be produced, it ^
will be found not to pass qJ
through the origin 0

,
but to 2

cut the vertical line at some [2
point above it, which will re-

present to scale the steam-
consumption of the engine at ^
zero mean pressure. The Wil- O
Ians oblique line for an actual

throttling engine takes the a
form of— ^

W = a + tP HORSE POWER

where W is the total weight

of steam used per hour
;
P is the indicated horse-power

;
a is the

weight of steam used at zero mean pressure, and depends upon the

extent of the back pressure and on the losses inherently due to

the engine itself while running; & is a constant, depending also on
the type of engine.

It will thus be understood

that with a throttling engine

the full load is the most econo- %
mical load, because the effect of §
the constant a is proportionally g
less at high powers, and that as a-

the power of a throttling engine ^
is reduced, the consumption of ^
steam per horse-power is in- cO

creased. 5^

If the actual consumption lines ^
be plotted for an engine work- h-

ing through its full range of

power, first with variable initial 0

pressure, and secondly with HORSE POWER
variable cut-off and constant Fig. 868.

initial pressure, it will be seen

that over a certain range, mn (Fig. 367), the variable expansion is
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the more economical
;
but if the cut-off is carried beyond a certain

point, m, the throttling method becomes the more economical of the

two.

To find the mean pressure corresponding with the lowest steam-

of total steam-consumption for the

scale of mean pressure the i:)ressur(

From point m draw a tangent ^

consumption per i.-tl.Jr., draw a

tangent, Oc, to the curve of

steam - consumption from the

point O
;

then a vertical, cd,

through the point of contact

gives .by its intersection with the

horizontal base the mean pressure,

od, required
;

that is, (cd -4- od),

or (steam-consumption-~l.H.P.),

is a minimum when the power is

represented by od.

To lind the mean pressure

corresponding with the lowest

steam-consumption per

which is usually more important

to know thaii that for the I.H.P.

Let AB (Fig. 369) be the curve

engine, and let Om represent to the

; required to drive the engine itself.

ne to the curve
;
then ef is the most

NON-CONDENSING.

Fig. 370.

economical mean pressure to adopt when considered with reference

to the brake or effective horse-power, while if only the indicated
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horse-power had been considered, a lower mean pressure would have
been chosen.

Such a diagram shows why, in electrical work, the rated mean
effective pressure is always chosen high, namely, from 40 to 45 lbs.

per square inch referred to the low-pressure piston, the reason being

that when the most economical point is considered with reference to

the effective horse-power, instead of the indicated horse-power, it is

found possible to work economically at the higher mean pressures,

and the advantage of doing so is that the same power may be ob-

tained with a smaller engine, and therefore also one which may be

run at higher rotational speeds.

In mill engines tlie rated mean effective pressure is usually about

28 lbs., but there is a tendency all round in the direction of raising

the value of the rated mean pressure.

INITIAL PRESSURE

Fig. 371.

Curves of Steam-consumption per I.H.P. per Hour.—The effect on
the rate of steam-consumption of various changes in the conditions of

working may be best shown by plotting curves of engine performance
as shown in Figs. 370 and 371, These figures show the relative per-

formance of simple, compound, and triple engines, condensing and
non-condensing, and they should be carefully studied by the student.

The data for these curves have been taken from the Willans trials.^

Fig. 372 shows the characteristic curves of steam-consumption for

engines of various types and various degrees of loading, the fractions

along the base-line representing the proportion of the rated load at
which the engine is worked. The rated load is the load at which the
engine gives the best all-round results, the principal factor in the problem

* Proo, Iml. CnE.f vols. xciii. aud cxiv.



3i6 STEAM-ENGINE THEORY AND PRACTICE.

being the maximum economical working load. Usually engines may
be worked about 25 per cent, above this load as a maximum.
The load-factor is the ratio of the average working load to the

maximum working load.

RAT/O OF ACTUAL TO RATED LOAD

Fig. 372.

The following results of a series of trials with a Westinghouse com-
pound short-stroke engine were given by Mr. Arthur Kigg.^ The
cylinder diameters were 14 in. and 24 in., with a 14-in. stroke; cranks
opposite

;
revolutions 290 per minute ;

variable expansion governor.

Wateu-consumption peb Brake HonsE-powEu.

Condensing.

1 2 3 4 6 6

Average pres-
Boiler-pressure, pouiius i)er square indi.

Brake II.P. Riiro jpv/LmvAn uvi

square inch.
1‘20 100 80

'

60

i lbs. lbs. lbs lbs.
200 50 0

1

19-62 22*53
160 400 ! 18-86 20-02 23-17
130 320

!

18-38 19*56 21-32 24-30
100 250 19-14 19*44 20-34 20-10
70 17-5 19-80 20-05 21*43 22-57
40

1i

10-0

!

22-90 23-12 24-75 22-55

^ Froc. Inst. C.E

»

voL cxiv.
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Non-condenshig.

1 2
1

3
i

^ 5
^ 6

Average pres-
Boiler pressure, pounds per square inch.

Brake Il.P. sure, pounds per

square inch.
120 100 80 60

lbs. lbs. lbs.
1

lbs.

200 .50-0 28*94 — — —
100 !

40-0 28*50 25-20 — —
180

!

82-0 24-.82 20 42 27-70 —
100 25-0 25*57 27-75

1

29-80 —
90

i

23-0 20-51 28-80 29-80 31-70

70 17-5 29-40 30-77
1

8248 80-00

40 100 40*05 89-30
1

42-75 45*82

From a paper ^ by Mr. Henry Davey, read before the Institution of

Civil Engineers, the following average results of long-stroke engines

using saturated steam are deduced

—

Initial

pressure.

Ratio of
j

Steam per
expansion,

j

I.TI.T. per hour.
B.T.IT. per

J.TI P. per min.

Single cylinder condensing ...

Compound condensing engines
Triple-expansion engines

7C-7 8*95

84-8 7-78

188-8 14-51

23-51

18-58

14-88

482
858
288

Thermal efficiency of the triple-expansion engines=42 ’42 -4- 288 X 100=14*7 per cent.

Performance of Engines using Highly Superheated Steam.—The
following steam-consumption is guaranteed by the Schmidt Stationary

Engine Co., London, the temperature of the steam employed in all

cases being 350'' C., or G62'' F.

Type of engines.
Indicated horse- 1

Pounds of feed-

water per I. Il.P.
1

B.T.IT. per
T.H.P. per min..

per hour. i feed temp. 1 00° F.

Single cylinder double-acting non-

)

condensing /
50 to 300 lG-8 to 15-5 403 to 373

Single cylinder double-acting con- 1
;

densing j

'

Compound double-acting condensing

50 to 300 18-5 to 12-4
1

825 to 298

50 to 800 11-5 to 9-8 277 to 28G
Single crank single-acting tandem 1

compound condensing j

50 to 350

i

11 to 10 2G5 to 241

Note.—In each case the consumption of steam decreases as the power increases.

The effect of speed of rotation on economy is to somewhat reduce

the weight of steam used per indicated horse-power per hour as the

* Froc. Inst. (7.F, vol. cxxii. p. 17.
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speed of rotation increases. This is probably due to the reduced

loss by cylinder condensation at high speeds.

The following results are from experiments by P. W. Willans;'

—

Revolutions per minute ... 401 301 198 IIG

Steam per l.H.P. per hour ... 17*3 17*0 18*9 20*0

The Cornish Cycle.^—In the Cornish single-acting pumping-engine

(see Fig. 373), the steam passes into the cylinder through valve A, and

acts on the top of the piston to drive it downwards, valve B being

* Troc. Inst. C.E.^ vol. cxiv.
* See a paper by Mr. Henry Davey on tlie Birmingham Waterworks, Proc. Ind.

Mechanical Engineers, 1897, p. 297.
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closed
;
the space below the piston being at the same time in com-

munication with the condenser through the valve 0.

At the end of the down-stroke the valve B opens to exhaust, and
the valves A and C are closed. The steam now passes from above

the piston to the space below the piston through the valve B, and not

directly to the condenser.

The piston then ascends in a condition of equilibrium.

The reason for the economy obtained by this arrangement is that

the clearance surface above the piston is never })ut in direct com-

munication with the condenser, the range of temperature above the

piston being from admission to release only, while below the piston

the rarige of temperature is from r^^lease to exhaust, the fall of

temperature from admission to exhaust thus occurring in two stages.

This cycle is now adopted by some single-acting high-speed engine

makers, nota})Iy in the 'VVdllans engine.

Economy Guarantees.—Considering that the steam used by an engine

each year often costs as much as the initial cost of the engine itself
;

also that the difference in weight of steam consumed—and therefore

of coal burned—in power plants by different makers, may be as great

as 100 per cent., the importance of obtaining guarantees of steam

economy will be very obvious.

It must be remembered, however, that the results of the trials of
engines and boilers, when new from the hands of the makers, will not
usually be repeated in ordinary working practice, owing unfortunately
to the Vr7,rious sources of loss of 6‘fficiency which occur unless exceptional
attention is paid to detail. It would be safe to allow a margin of at
least 25 per cent, between the makers’ tests and the actual working
performance of the plant. This margin represents the suni of a lar^-e

number of small but more or less preventible losses which occur in
power plants, and the extent of the reduction of which is a measure
of the intelligence and skill of the operating staff
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TYPES OF STEAM-ENGINES—THE MILL ENGINE.

Horizontal and Vertical Engines.—The choice of type depends in

some measure on the space at disposal in which the engine is to be

fixed, and also on the speed of rotation desired.

Where floor space is limited, and height will permit, the vertical

type is the only alternative
;
but where s])ace is not so limited, the

question of speed of rotation desired will more probably decide the

type, for slow speeds the horizontal being generally preferred.

The horizontal typo is more convenient of access, while the vertical

is often most inconvenient in this respect. The stresses are spread

over a larger floor area in the horizontal type, and the engine is there-

fore more likely to be free from vibration.

It is usually more difficult to keep vertical engines clean, because

of leakage of water and oil from stufling-box glands and other parts

falling directly among the working parts.

Vertical engines are lighter for the same power, because they are

made of a shorter stroke, and run at a higher rotational speed than

horizontal engines.

In horizontal engines the cylinders are liable to wear down and to

become oval in consequence of the weight of the piston wearing a

bed for itself on the bottom of the cylimk^r. This objection is absent

in vertical engines, though of course the weight is carried on the

crank-pin instead. To reduce the wear in horizontal cylinders, the

piston is sometimes supportcid by a tail-rod, which is a prolongation of

the piston-rod carried out through the back cover.

With the long-stroke horizontal engine extreme care must be

tiaken in the construction of the foundation, to ensure the prevention

of uneven “settling down.’’

For engines of large power in electric light and traction stations the

vertical type is now almost exclusively employed.

The Horizontal Mill Engine.—Figs. 374 and 382 give details for

a horizontal trip-gear engine, 15-in. diameter, 36-in. stroke, suitable

for a working pressure of 100 lbs.

The steam admission is aflSicted by double-beat drop valves A,
operated by a detachable trigger, the point of release being determined
by the governor.

The exhaust valves B are of the double-beat type, worked by a

cam on the side shaft C.

The cylinder is a cored casting of tough cast iron, which must be
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free from blow-holes and other imperfections, and has .suitable recesses

into which the steam and exhaust valve seats are forced.

The steam is admitted by the side and at the centre of the cylinder,

and passes up a belt to the steam-passage on the top of the cylinder,

which again communicates with the steam-valves A at either end.

%

Pig. 874.

When the steam is exhausted from the cylinder it escapes into a
cored chamber, D, common to both exhaust valves, and from thence to

the exhaust pipe.

A separate working barrel or liner, E, is forced into the cylinder

casing. The parallel part is yV larger at one end than at the other.,

to facilitate putting in and fixing of the barrel.

y
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The valve seats and valves are cast off a specially strong hard mixture

of cold-blast and hematite irons.

The upper and lower beats of valve faces are tangents to two spheres,

which have their common centre in the point of suspension (see Fig.

376). The effect of this special arrangement of valve seats is to

maintain true contact between valves and seats. When the valve

Fig. 875.

seats are both the same angle, the lower valve seat wears larger than
the valve and causes leakage.

-f- . ^
It IS usual to finally grind the valve seats together when they

have been heated, so as to make them steam-tight after they have
l3eea expanded by the hot steam. All castings have more or less

internal stress in them as delivered from the foundry, and when
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such castings are subjected to heat, they sometimes twist and go out
of shape.

In small castings it is possible to get rid of the initial stress, by
placing them in a furnace and heating them to a blood-red heat,

closing the dampers and leaving the furnace and castings to slowly

cool together.

Where castings cannot be so heated, it is very necessary to care-

fully examine and “let down the wearing parts which are to be a
working fit under steam pressure and temperature, and with more
complicated valves, this must Jbe done several times before the

necessary steam-tightness is attained.

The steam-jacket is supplied with high-pressure steam by a small

steam-vah’o placed alongside of the stop-valve, and the condensed
water is drained through a passage (drilled at right angles) which
connects the lowest point of the jacket to a suitable facing on the

side of the exhaust pass:ige on the underside of the cylinder.

The cylinder is automatically drained by the separate exhaust
valves each exhaust stroke, and in order to prevent the danger of an
excess of water under pressures trapped betwenm piston and cover

when the exhaust valves have closed, lelief valves are fitted to each
end of the cylinder.

A sight-f(Mid lubricator, F, is provided, and connected to the steam-

supply passage.

The cylinder is coated with a fibrous non-conductor, such as

asbestos or slag wool, and cased in sheet st(»el secured by screws

fitting under the cylinder cover and stulling box as shown.

The cylinder cover is a strongly ribbed casting, having proper

recess for piston nut and giving — in. clearance. A polished cover

is fitted, which forms an efficient air-jacket and helps to keep the
lagging in place.

The lifting lever of the steam-valve is fitted with a hardened-steel

tip, which is engaged by the trigger-piece H, provided with similar

hardened-steel tip. The maximum amount of contact is ~ in., and
is determined by an extending tail, T, which limits the extent of

engagement.
The motion to lift the steam-valve is derived from an eccentric

mounted on a side shaft, C, driven by bevil gears from the crank-

shaft. The upper end of the eccentric-rod is connected by two
side links, MN, to the lifting lever-pin (see Fig. 374), and when
the trigger is engaged, the lifting-lever, trigger, and side links form a
locked triangle. The upper portion of the trigger is curved towards
the buffer-box K, and rides under a detaching pad, which is formed
on the detaching lever J, keyed on the cut-off spindle L.

The cut-off spindki is arranged to give the lever J a movement
approximately the same in direction as the tail of the trigger T, and
the inclined tail runs under the detaching pad and detaches the

trigger from the valve-lifting lever.

In all mechanical cut-off gears it is of the highest importance for

the governor to regulate the point of cut-off with the smallest possible
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resistance to its movement from the gear itself, and it should be free

to adjust its position during steam admission. The above arrange-

ment is a good example of a detach-

ing-valve gear, suitable for governing
on a low percentage of variation.

The steam-valve spindle is ex-

tended beyond the lever attachment,

and is connected to a piston having

turned Ramsbottom grooves (not

rings) fitting in an air-buffer box.

The piston has about in. clearance

when the valve is seated. When
the valve is lifted the piston draws
in air freely through the ball-valve

P (shown enlarged, Fig. 37»5), and
when the valve is released the ball

seats itself, and the air is forced out

through the holes (regulated in area

by the fine screw) in the upper part

of the air-valve.

A spring is provided to supple-

ment the rush of the steam and
ensure the prompt closing of the

valve when the lever is released.

By suitably regulating the air-

valve, the valve can be made to seat

itself rapidly and without noise.

An extension-piece, Q, is made on
the trigger to overbalance the other

portions of the trigger and ensure
engagement with the lever.

A double bearing is placed on the

side of the cylinder to carry the

side shaft C driving the valve gear.

Two cams are used to open the

exhaust-valves B, and the springs
Fig. 376^ fitted to the extension of the ex-

haust-valve spindles ensure the

valves returning to their seats when the cams release.

The separation of the steam and the exhaust valves possesses

many advantages
;

it lends itself to the perfect adjustment of the
steam-cycle, the exhaust valve opening and closing being no
longer inter-dependent as in the ordinary slide-valve, but the
compression and exhaust opening can be regulated independently
of each other.

Adjustments are provided in the steam and exhaust valve coupling-

rods and also in the valve spindles, which enable the lead and cut-off

to be varied, and the exhaust valve to be slightly adjusted.

A lever and weight is placed on the cut-off spindle L to ensure



Fio. 378.
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the trip being held out of action in the event of any accident

happening to the governor or driving-gear, or when tlie safety device

to stop the engine is operated.

The cylinder is securely seated on two planed sole-plates let down
on either side of the pit in which the exhaust valves work.

Figs. 378 and 379 show an inverted arrangement of the Hartnell
spring governor. The bell-cranks carrying the governor-balls are

fitted with rollers, A, in the ends of the short arms, and push on the
T-headed governor spindle B. The centrifugal force of tlie governor-

balls has to overcome the spring resistance plus the dead weight of

the complete head, which includes the box surrounding the spring

and the double-ended bracket carrying the centres of the ball arms.

A heavier governor is obtained by this arrangement than the

simple spring Hartnell governor, which is liable to hunt when
working on a fine variation.

The added dead weight of the inverted head tends to check the

inter-revolution variation of the governor due to the varying angular

velocity arising from irregular turning effort on the crank-pin.

The governor spindle is of steel, and is hardened at the bottom

where it rests on an adjustable toe-piece, also hardened.
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The governor is driven by skew-gearing, the driving wheel of which

is keyed on the side shaft.

The gearing is cased in and flooded with oil, so that constant

lubrication is ensured.

A cast-iron die-piece is held by set screws

between the side levers, and the governor

motion is transmitted therefrom to the cut-ofl

gear.

The communicating mechanism between

the lifting levers C and I) and the cut-off

spindle L is arranged so that the valve gear

is disconnected from the governor in the event

of an accident happening to the governor, or

of its being inoperative.

Fig. 380.

F comes into contact with the small inclined lever G and moves the
detaching lever so that the trigger cannot engage the trip lever, and
the engine is stopped.

Another lever, H, is also provided, to the end of which a cord is

attached, which is connected electrically or otherwise to the various
floors of the mill. In the event of urgent necessity arising to imme-
diately stop the engine, the lever H is raised, and the small knock-
out lever J lifts the catch-link F, the weight falls, and the engine
stops.

Fig. 377 shows the piston-rod stuffing-box. It is arranged with
the front flange fitting into a bored portion of the bed, the flange

being bolted up to the end of the bed, thereby forming an efficient

air-jacket for the front end of the cylinder. The stuffing-box is fitted
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with a long neck bush of brass, and the gland is also brass bushed.

The edge of the flange projects over the cylinder and holds the lagging

in place.

Figs. 323 and 324 show the girder bed

Fig 381.

for the same engine,

which is cored out and
planed to receive the

cross-head. The flange

is faced fof attachment
to the cylinder. Suit-

able facings are also

provided to receive the

side shaft and governor

brackets.

A large cast-iron oil

receiver is sunk into

the ground to catch

all oil from main bear-

ings and crank disc

when standing.

Bosses and facings

ai*e provided to receive

the handrail and pillar.

Fig 380 shows a

cast-iron disc crank
which is forced on
shaft, and into which
the crank-pin is also

forced and afterwards

riveted over. The
crank-pin is oiled from
a visible drop lubri-

cator, carried by a

column by means of a

centrifugal oiler. The
oil is applied in the

the suiface of the pincentre line of the shaft, and flows outwards to

‘through the pipe by centrifugal force.

The ball which receives the oil is divided at the centre, so that if

the crank stops on its*top centre the oil will be retained in the cavity

behind the rib, and not run out on the ’floor.

Pig. 298 shows a piston, with studded junk plate designed for this

engine.

The studs have a collar, which is let into a recess, and a small pin

driven into the side to prevent it turning.

The piston block is coned on a swelled end on piston-rod with a
l-in-8 taper.

The rings are of L section, and the spring is of the usual plain coil type.

Pig. 381 shows the arrangement of side shaft driving in conjunction
with main girder.
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The remaining details for the same engine may be completed from

the examples given in the previous chapter on Engine Details.

Proell Valve Gear.—Pig. 382 represents a section of a cylinder

fitted with the Proell valve gear, as made by Messrs. Marshall of

Gainsborough. The gear consists of two equilibrium admission

valves, A, one to each end of the cylinder. These are alternately

lifted by means of the valve spindles, which are each connected with
trip levers, B. The trip levers are depressed by means of the bell-
crank levers C, which hang on pins, PP, on opposite ends of the
rocking-lever M. This rocking-lever is keyed to the same spindle,
O, as the lever N, which is driven by the eccentric.



330 STEAM-ENGINE THEORY AND PRACTICE,

The ends D of the bell-crank levers, projecting inwards towards the

centre, are brought into contact at each stroke with the trip pad E.

The trip pad is connected with the governor through the medium
of the levers F and G and the shaft H, and the height of the trip pad
determines the moment of cut-off of the steam, for as soon as the end
D of the bell-crank lever reaches the trip pad, any further movement
of the rocking-lever disengages the bell-crank lever from the trip

lever B, and the valve immediately closes. The closing speed of the

valve can be very readily regulated by means of the spring K, which
causes the valve to close rapidly and quietly. The Proell governor
to work with this gear has already been described on p. 217.



CHAPTER XXII.

THE CORLISS ENGINE.

This engine was the invention of the American engineer Geo. H.
Corliss, and first appeared in 1850. It has been much used since,

especially for the larger sizes of high-class mill engines in all countries,

and very genei*ally for ordinary mills and factories in America.
The Corliss valve gear possesses the following important advan-

tages :

—

1 . Reduced clearance volume and clearance surface, owing to the
shortness of the admission and exhaust passages obtained })y placing
the vahes close to the eiids of the cylinders. In such cylinders the
clearance will vary from 3 to 5 per cent, of the piston displacement.

2. He])arate valves are used for steam and exhaust, the steam-
valves being at the top corners of horizontal cylinders and the exhaust
valves at the bottom corners, by which means, during the flow of the
steam from the cylinder, the exhaust surfaces are swept clear of water
and a natural system of drainage is thus provided. This advantage
applies more esp(icially to horizontal cylinders.

3. It maintains a wide opening during admission of steam with
a sudden retui*n of the valve at cut-off, thus j)reventing wire drawing
of the steam during admission.

4. It permits of independent adjustment of admission and cut-off,

release and compression.

5. It provides an easy and effective method of governing engines of

large power, by regulation of the cut-off, through the action of a

governor on the comparatively light working parts of the valve

disengaging gear.

It is frequently claimed for the employment of separate steam and
exhaust valves that condensation is reduced because the entering

steam coming through a separate passage, and not through that

through which the steam is exhausted, does not come into contact

with surfac(is which have just been cooled dowm by the comparatively

cold exhaust steam, as is the case when the port is common to both

admission and exhaust
;
but this claim is only valid if the area of

clearance surface is reduced by the arrangement of separate valves,

because in any case, all the surface up to the exhaust valve must be

heated up each stroke whether th(i steam is admitted through the

same or through a separate port. One important objection to the

Corliss valve gear is the limitation of the speed of rotation of engines

fitted with it owing to its action being dependent upon the engage-

ment and tripping of catches.

About 150 revolutions per minute is probably nearly the limit of speed
(though speeds as high as 240 revolutions per minute are known in

America). To avoid this limitation, the valve gear is now made for high
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rotational speeds without the trip-gear, the c{)nnection between the

wrist-plate and the steam-admission valve being direct, and the

regulation of the cut-off‘ being obtained by varying the travel of

the wrist-plate motion through a governor and link.

Fig. 383 is an illustration of the general arrangement of a Corliss

engine with a single eccentric for both admission and exhaust valves.

Fig. 384 shows in skeleton the arrangement of levers by which the

valves are driven. Motion is obtained in the first place from an
eccentric on the crank-shaft which is connected by its rod to a

vertical rocker-arm, QR8. Attached to the rocker-arm is the hook
rod or lever FS which drives the wrist-plate W, and causes it to

oscillate about its centre of motion O.
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Attached to the wrist-plate are four valve rods, two marked BB.

A A

Fig. 384.

attached to the two upper or steam-admission

valves AA, and two marked CC, to tlie two L

lower or exliaust valves EE. The valve rods

and levers are shown in three positions— in

the middle, and at the two ends of their

stroke.

The exhaust -valve rods are connected

directly to the exhaust-valve spindles, but li

the admission-valve rods work loosely on
the bosses of the valve-stem brackets. These

levers engage the admission valve by means A
of a trip or catch, and the steam-port is

thereby opened during the first portion of

the piston path, after which the trip disen-

gages the lever and the valve suddenly closes ^ ^

the port by means of the weight or spring of C
the dash-pot plunger.

The admission valve remains closed and
at rest during the remainder of the stroke,

also during the return or exhaust stroke,

until it is again engaged by the catch so as

to move the valve in time for the new stroke

of the piston.

Fig. 385 is a longitudinal and sectional

view of a Corliss steam valve.

Fig. 386 illustrates the trip-gear as used

on the early Corliss engines, and <as still used

by many American engineers, and which is

known as the “ cr<ab-claw gear.” Fig, 385,
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The valve-rod B (Fig. 386) is driven from the wrist-plate. The bell

crank lever AA is securely attached to the valve spindle C. A
square-headed bolb D, with a hole through the square head, is at-

tached to the lower lever of the bell-crank A. The valve-rod B
passes freely through the

hole in the pivoted nut D.
To the rod B a fork EE is

pinned at F, and the lower

limb of the fork is kept up
to its work by a spring G as

shown. A steel plate H is

fixed in the upper face of

the lower limb of EE, by
which it catches the sleeve

I) of the lever A.
When the c;itch H and

sleeve D are (uigaged, as

shown in Fig. 386, then the

movement of the valve-rod

Fid 380. B to the left pulls also the

bell-crank lever AA, and
turns the valve on its spindle C, so as to open the steam-admission
port. Cut-olF at any required point is obtained by means of a dis-

engagement of the catch H which liberates the bell-crank lever, and
the valve is suddenly closed by the pull of the lever P.

Disengagement of the catch is effect'd by means of a projecting pin,

R, on a separate lever, S, which rides loose on th(‘. valve spindle C, and
which is connected to the governor by the i*od K.
At a given speed the position of the projecting pin R remains

constant, and as the lever A is pulled by the catcth H towards the

left, the curved upper Kmb of the lever EE comes into contact with
the pin R and is depressed, and the catch H is disengaged from D.
The valve spindles are rectangular where they pass through the

valv(^s (Fig. 385). The valves may thus be easily twisted as required,

and at the same time be free to move outwards relatively to the spindle

as wear takes place.

. Fig. 387 shows an arrangement of Corliss valves for a vertical

engine. S, S are the steam-admission valves, and E, E are the exhaust
valves. The steam etiters the cylinder through the port a, and
leaves the cylinder through the opening 6, when the exhaust valve

uncovers the exhaust port c. The valves are here shown for mid-
position of the eccentric, that is, the exhaust valves are just about
to open or to close their respective ports, and the steam-admission
valves overlap the ports, the amount of overlap in this position being
the true ‘‘ lap ” of the valve as in the ordinary slide-valvv^. In
addition to this lap, the valve, when liberated by the trip gear,

swings further and covers the port by an amount greater than the
lap, as shown by the dotted positions in the figure. This additional

movement is called the “seal” of the valve, or the “dwelling angle,”
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To set the Valves of a Corliss Engine.—Usually marks are placed

on the ends of the valves and on the valve-box, showing the relative

positions of the working edge of

the valve and of the port. Thus
in Fig. 387, 2 is the working
edge of the steam-valve and 3

of the steam-port
;
also 4 is the

working edge of the exhaust
valve and 5 the working edge of

the exhaust port. A centre line

is drawn on the boss of the

wrist-plate, and three lines are

drawn on the periphery of the

wrist-plate support, correspond-

ing with the middle and two
end positions of the wrist-plate

centre line (see Fig. 390).

First the wrist-plate is set in

its middle position with its centre

line vertical. The steam-valv(\s

are then set so that they each
have the required amount of lap.

In the Fig. 387, the amount by
which the edge 2 of the valve

overlaps the edge 3 of the port

when the wrist-plate is in mid
position, is the lap of tlie valve.

The amount of lap given de-

pends upon the size of the engine,

and may vary from ^ in. to ^ in.

in small engines, to | in. or more
in larger engines.

The amount of lap can be varied

by shortening or lengthening the

valve rods by means of the ad-

justable nuts on the valve rods.

Similarly, when the wrist-

plate is in mid position, the ex-

haust valve edges 4 are adjusted

equally in both exhaust valves

to the exhaust-port edges 5.

When the exhaust valves have ® £
no lap, as is often the case, then Fig. 387.

the edges 4 and 5 coincide for

both the exhaust valves when the wrist-plate is in mid position.

The rocker arm—to which the eccentric rod and wrist-plate lever

are attached—stands vertical for horizontal engines (see QliS, Fig.

383), or horizontal for vertical engines, when the wrist-plate is in

mid position.
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Fig, 388 gives a wist-plate diagram. OD and OB show the ex-

treme positions of the levers, and 00 mid position. This is a case in

which a double reversal of stress

takes place in the levers and pins

during each forward and back-

% ward stroke of the wrist-plate.

Tliis is shown hy the passing of

the levers AB and OB outside

the dotted line joining the centre

O of the wrist-plate, and drawn
tangent to the valve-lever arc,

thus reversing the angle between
the radius of the wrist-plate and
the valve-rod. This is an ol)jec-

tionablc arrangement, and should

be avoided where possible.

Setting of the Eccentric, for a

single eccentric and one wrist-

Fig. 388 .

plate working both admission and
exhaust valves. If the steam-

valves and the exhaust valves have no lead, that is, admission and
release take place at end of the stroke, and there is no compression,

then th(^ eccentric is set at right angles to the crank and it has

zero angular advance. In this case the latest point of cut-olf possible

is at half-stroke of the piston, because the eccentric controls the

valve during 90° rotation of the shaft as a maximum, past the point

of opening of the valve. At or before the end of the valve stroke

the trip gear, which is worked by the governor, liberates the valve,

which suddenly closes and cuts off the steam-supply. The trip gear

can only act during the movement of the gear through some portion

of this angle. In order to obtain lead of

the valve, an early release, and moderate

compression, the eccentric is given angular

advance. This still further reduces tlie

number of degrees during wliich the eccen-

tric has control of the valve, and the maxi-

mum point of cut-off is at some point

earlier than half-stroke.

Thus, if the eccentric, Fig. 389, is set

with an angular advance then the eccen-

tric is at E when the crank is at C.

When the crank has moved through an
angle COC', the eccentric has reached E',

the position of maximum opening of the valve, and the trip gear

must have acted at or before this point. Hence crank position C',

that is, cut off at ^ of the stroke, represents the latest point of cut-off

possible with this arrangement.

If the valve lever were connected to the wrist-plate without any

Fig. 389 .
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trip gear, then the valve would gradually return and the port be
closed when the piston is at some point, 6, near the end of the stroke

as with an ordinary slide-valve without lap, but in that case the

special feature of the Corliss gear would disappear, as it was designed
to provide an efficient means of obtaining a range of early cut-off

points to secure economical expansion of the steam in the cylinder.

If a larger range of expansion is required than that provided as

above, it is possible to secure it by the use of two eccentrics and a

Fig. 390

double wrist-plate : one for the admission valves and the other for

the exhaust valves, as shown in Figs. 390 et seq.

Considering further the case of the single eccentric, from Fig.

384, it will be seen that the wrist-plate pin, F, travels through an ar.c

dd' about its centre o, this angle being bisected by the vertical centre

line through o. If vertical lines be projected from points cfd' to the

Jiorizontal centre line through o, and cutting it at ee' respectively,

z
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then ee* is the diameter of the virtual or equivalent eccentric giving

the movement dd' to the wrist-pin, and the throw of the actual

eccentric = ed X
QR
QS

The movement at the edge of the valve, for a given angular

movement of the valve lever, is measured on the valve circumference.

An important point to notice is the means which the wrist-plate

provides for giving the valve small movements when closed, and
large, and therefore quick, movements when the port is open. This
reduces the power required to drive the valve gear to a minimum.
Thus, in the example, Fig. 384, during the movement of the wrist-

plate through the first and second half of its total arc, the steam-
admission valve moved through 11® and 27® respectively, and the

exhaust valve 11® and 27° respectively. For ordinary engines of^
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the type illustrated in Fig. 383, the angular advance of the eccentric

is made about 15°.

The diaiiK'ter of the valve = ^ diameter of cylinder. The length
of the steam-admission port = diameter of cylinder, and the width
of the port, as for all ordinary engines of the slide-valve type, =

area of piston in square fecit X piston speed in feet per minute

6000 X length of port in fecit

The width of the exhaust port is made about times that of the
admission port.

Figs. 390 to 393 show Corliss cylinders in elevation and section

Ficr. 392 .

for a 15 in. x 28 in. X 36 in. cross-coupled compound engine, main
bearings 9 in. x 16 in., running at 105 revolutions per minute,

developing 340 I.H.P. as a regular load, and 425 I.H.P, with an
overload, 160 lbs. boiler pressure, 26 in. vacuum.

Figs. 392 and 393 are longitudinal and transverse sections of the
high-pressure cylinder

;
the low-pressure cylinder is of similar design,

but of larger diameter, and is not shown.

The Corliss valve gear, shown in Figs. 390 and 391, has a double
wrist-platen, one for operating the steam-valves and one for the
exhaust valves. This arrangement allows the steam to be admitted
with a suitable lead, and it provides a range of cut-off* which may be
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varied from 0 to f of the stroke. It also enables the compression to

be adjusted to the varied requirements of the speed and load of the

engine without interfering with the steam-admission arrangements.

We have already seen that with the ordinary singki wrist-plate

gear, driven by one eccen-

tric, when we have a

small amount of lead and
moderate compression,

the point of cut-off cannot

be later than about of

the stroke. But for

smartly handling con-

siderable changes of load

with minimum change
of speed, the ordinary

single eccentric gear is

not so good as the double

wrist-plate gear.

In the latest examples
of Corliss engines for

central-power stations,

double wrist-plates are

used on both high- and
low-pressure cylinders,

and the cut-off in both
cylinders is regulated by
the governor. By cut-

ting off early in the low-

pressure cylinder at light

loads, as well as in the

high, and by having a

Fig. 393. large receiver volume,
• the pressure in the re-

ceiver may be maintained practically constant and kept fairly high,

by which means this storehouse of steam is instantly available for

duty in the low-pressure cylinder to promptly take up any large

increment of load that may occur at any moment, without any serious

change of speed
;

whereas, in an ordinary engine with a small

receiver and a cut-off on the high-pressure cylinder only, the steam

in reserve for the low-pressure cylinder is practically nothing at

light loads, and time would elapse before the low-pressure cylinder

could help to deal with a sudden increase of load, and this would
necessarily result in the mean time in considerable falling off of speed.

Details of Trip Motion (Fig* 394).—The trip arrangement consists

essentially of four pieces : (1) the valve-driving lever A, keyed direct

to the valve spindle C, and which carries a hardened steel block, B,

on which the trip catch D engages; (2) the double-armed driving-

lever EE receiving motion from the wrist-plate through rod J, and

mounted loosely on the overhanging wrought-iron tube in valve
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bracket, and which has a stud in the upper boss carrying (3) the

hanging trip catch DD. The trip catch is arranged to fall in its

place by gravity when the lever EE, on which it is mounted, moves
into its extreme forward (anti-clockwise) position, and on the return

(clockwise) stroke of the lever the catch then engages with the

hardened steel block B on the valve-driving lever A, the eflect of

which is to move the valve on its own axis, C, and open the steam-

admission port.

The catch is liberated by coming into contact with a detaching

cam (4), marked P, which
is formed on a ring working
loose on the boss of the

driving-lever, and having

an extended arm, which is

attached by a rod K to the

governor. The upper arm A
of the trip catch DD is

shaped to a suitable angle,

and slides up against the

detaching cam, F, by which
means the hardened edge

D of the catch is disengaged

from the block B, the valve

spindle is liberated, and the

valve is immediately re-

turned by the pull of the

dash-pot lever M to its po-

sition of rest, closing and
overla])ping the steam-port.

A supplementary spring,

H, is placed behind the trip

catch to assist gravity and
to make engagement cer-

tain. The governing cam
is moved as required by the

governor through rod K,
and it varies the point of

cut-ofi’ by varying the posi-

tion of the point of contact

F from zero to the maxi- Fig. 394.

mum capacity of the gear.

The period of impact of the detaching mechanism is very short, and

a moderately powerful governor is unaffected by it. The governor

is free to move during the admission of steam, and can be made
extremely- sensitive, say within 1 per cent, variation.

The Dash-pot.—The function of the dash-pot is to return the

steam-valve quickly and noiselessly when the governor releases the

trip catch. The dash-pot piston is sometimes pressed down by atmo-

spheric pressure, a vacuum being formed under the piston as it is
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raised by the valve-gear during steam admission. The dash-pot

(Fig. 395) is controlled by a spring in preference to depending on

,

vacuum. The speed of

closing can be accele-

rated or retarded by
regulating the air-

escape plug A, which
gives a less or greater

compression of air as

the escape plug is

opened or closed.

The lower cover of

the dash-pot holds in

place two pieces of

leather which form a

pad or buffer, and ffnally

bring the valve and
dash-pot piston to rest.

The ball-joint is pro-

vided so that the con-

nection between the pin

in the steam-valve lever

and the dash-pot piston

can adjust itself to the

line of least resistance,

Fig. 395. -Dash-pot Details. that is, the line of least

friction.

Fig. 396 shows an enlarged view of the air-escape plug.

The details of the other parts of the gear explain themselves.

Diagram of Steam-
valve Movements. —
Fig. 397 shows a geo-

metrical analysis of

the movements of the

steam-admission valve

gear. Arcs A, B, C,

and D represent re-

spectively clearance

movement of valve

lever to effect engage-

ment of trip with valve

lever, steam-lap, lead,

and admission.

Fig. 396.

—

Dash-pot Details.
,

point of cut-ofF

is determined by the
governor, and the maximum is made as great as is consistent with
the certain disengagement of the trip. The relation of crank-pin

to eccentric is seen by following the successive positions of the
periods A, B, C, and D from the valve-lever, through the top and
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bottom pins of the wrist-plate, to the cii-cle of the eccentric

path.

It will be seen that the eccentric has negative augular advance
that is, the eccentric has not moved through 90^ from its extreme
position when the crank is on the dead centre, but through an angle

B less than 90°.

I

Diagram of Exhaust-valve Movements.—The theoretical indicator

diagram. Fig. 398, is first drawn to decide upon the points of release

and compression, and the respective position of these points is pro-

jected to the crank-pin

circle below the indicator

diagram.

Radial lines are drawn
showing the crank posi-

tions at release and com-
pression, that is, when the

exhaust port opens and
closes. If the angle be-

tween these crank posi-

tions be bisected, the

crank position is obtained

at which the exhaust valve

is at the -extreme end of

its travel
;
in other words,

this is the crank position

when the eccentric is on
the dead centre, or mce
versa it is the eccentric Fig. 398.

position when the crank

is on the dead centre, and thus the relative positions of crank and

eccentric are as shown in Fig. 398.
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Fig. 399 is a diag]*am showing the respective positions of crank,

eccentric, wrist-plate, valve-rods, and levers for the exhaust valve.

The circle of eccentric travel is first drawn on centre A, and the

circumference divided into any number of equal parts numbered

consecutively. These points are projected to the centre line, and

with the length of the eccentric rod as radius corresponding points

are transfixed on the travel arc FG on the wrist-plate. The dis-

tances thus obtained are then marked on the path of the j)in HJ, and
with the length of the exhaust valve-rod K as radius the movement
of the exhaust pin on wrist-plate is marked off‘ on the path of the

pin of the exhaust valve-lever LM. It will be noticed that the

movement of the valve during the half-period from 4 to 7 position

(see valve lever arc LM) is much less than that during the half-

period from 1 to 4.

The pin on the vibrating lever from which the wrist-plate is

driven is taken to represent the travel of the valve. The real travel

of the eccentric is proportionately less, depending on the length of

the lever connections.
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Fig. 400 is a drawing of the wrist-plate details, showing the admis-

sion and exhaust wrist-plates on the same spindle.

Fig. 401 shows details of valve spindle gland and bracket. Fig. 402

shows in detail the adjustable head of the valve-rods.

As an example of the performance of engines of the compound
Corliss class, the following results are given from a test of a pair of

compound horizontal Corliss engines, made by Messrs. Hick, Hargreaves
& Co., of Bolton.

Diameter of piston, high pressure ... 30 in.

„ low pressure ... 50 „
Diameter of piston-rods 6 „
Stroke ... 5 ft.

Clearance of high-pressure cylinder 4 per cent.
Clearance of low-pressure cylinder ... 5 „
Diameter of air-pump ... 25J in.

Stroke of air-pump ... 20 „
Diameter of air-pump rod ... 3i „
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Fig. 404.
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Diameter main Bteam-pii)o

Flywheel diameter, grooved to receive 30 ropes

Volume of receiver between high-pressure exhaust
valves and low-pressure admission valves

Boiler preesuro

Piston speed ... ... ... . .

Total I.H.P
Dry steam per T.H.P. per hour
Dry coal per I.H.P. per hour

12 ins.

20 ft.

11712 cubic ft.

112 lbs.

006 ft. per min*
882-2

14-42 lbs.

1-74

Fig. 405.

Fig. 405 gives reduced copies of the indicator diagrams.
Figs. 403 and 404 an^ the elevation and plan of a pair of 13-in. X 26-in.

coupled geared winding engines suitable for sinking and winding
in auriferous countries.



CHAPTER XXIIL

Q UICK-RE VOL UTION ENGINE S.

Considerable hesitation is often felt by engineers accustomed to slow

rotational speeds to the introduction of engines running at speeds so

high that the separate working details become almost indistinguish-

able. But experience— and by this time a very large experience

—

has shown that such hesitation is unnecessary, and that with a

design suitable for the purpose, such as is now supplied by several

firms making a speciality of high speeds, no trouble need be expected
on the score of rate of revolution.

The quick-revolution direct-coupled steam-engine is the result, in

the first instance, of the urgent demand for such engines for the

direct driving of dynamos.
In order to combine high speeds with large powei‘, it is necessary

to make the piston area lai’ge as compared with the length of stroke,

and this suggests the probability of loss of efficiency by excessive

clearance. The volume of the clearance in any cylinder varies nearly

with the area of the piston, and is independent of the length of

stroke, and when expressed as percentage of piston displacement, the

proportion of clearance will obviously increase as the length of stroke

decreases.

In the long-stroke engine the clearance may be from 3 to 7 per

cent., while in the short-stroke type it may range from 10 to 20 per

cent, or more. Where the compression does not reach initial pressure,

the loss by clearance may thus be large, but this loss is reduced when
the engine is comjiounded, hence the special value of compounding
in the short-stroke type of engine.

Apart from the application of such engines for direct driving of

dynamos, some advantage of the high rotational speeds are (1) that

such engines may be smaller for a given power. (2) They give a

more even turning moment than the slower engine of the same power.

(3) There is a gain in steam economy at the high rational speeds,

owing to the maintenance of a higher mean temperature of cylinder-

walls, and a consequent reduction in the amount of condensation in

the cylinder, when compared with the long-stroke engine.

Single-acting Engines. The Willana Engine ,—This famous engine

is the design of the late P. W. Willans. It has been the subject of

most exhaustive trials and experiments, the results of which are
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published in the Proceedings of the Institution of Civil Engineers,^

and form classical studies on steam-engine performances and economy.

The arrangement of the engine will be understood from Fig. 406.

Fig. 40G.—-The Willans Engine.

In the first place, it is a single-acting ” engine, that is, the steam
acts upon one side of the piston only. A disadvantage of this

arrangement is that for a given power tlie cylinder capacity must be

' Proc, Inst. C.K, vols. xciii., xcvi„ and oxiv.
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twice as great as in a double-acting engine, or else the engine must
run twice as many revolutions per minute. The advantage of making
the engine single-acting is that it may be run at the highest speeds

comfortably, without any danger of knocking, and without the

necessity for frequent adjustment of brasses, because in the single-

acting engine the working parts are in a condition of constant thrust,

that is, the piston-ro 1 is pressed against the crosshead-pin, and the

connecting-rod against the crank-pin, not only during the working
stroke, but during the return stroke also. There is no tendency to

knock, because there is no change of direction of force transmitted.

In order to secure that the condition of constant thrust is maintaim^d,

and that the connecting-rod and piston-rod are not flung away from
their respective pins on the upper portion of the up-stroke, an amount
of compression must be provided (either by th(i steam or by other

means) which shall always cause a downward pn^ssure in excess of

the upward accelerating force. In the Willans engine, the requisite

compression is obtained by means of an air-chamber above the guide-

piston—the lowest piston on the rod. This piston on the up-stroke

compresses the air contained in the chamber above the piston, and
thus any amount of compression can be obtained according to the

clearance allowed. The work expended in compressing the air is

given out again by expansion on the succeeding down-stroke.

The slide-valves are of the piston type, all on one rod, and woi’k

inside the hollow piston-rod, the valves moving ovei* ports cut in the

form of elongated passages in the hollow piston-rod as shown. This

arrangement reduces clearance volume to a minimum, and serves as

an excellent means of draining the cylinders of water, the water

being swept out with the exhaust steam when the valve uncovers

the port.

Steam is admitted above the top piston through ports in the hollow

piston-rod, and is (exhausted to under side of same, in each case

entering and leaving tiie cylinders through ports in the piston-rod.

Each line of pistons is connected to its corresponding crank by
two connecting-rods, with a space between them, in which works an
eccentric forged solid on the crank-pin.

. The reason the eccentric is on the crank-pin, and not on the shaft,

as usual, is that the valve-face {i.e. the inside surface of the hollow

piston-rod) moves witji the piston
;

consequently the valve-motion

required is a motion relative to the piston, and this is obtained by
mounting the eccentric on the crank-pin.

The cranks dip bodily into the lubricant in the crank chamber
every revolution. In doing so they splash the oil over the main
bearings and other portions requiring lubrication.

The engine is governed by a throttling governor.

References are made to the high economical performance of this

engine elsewhere (see pp. 314 and 315).

The Pcache engine (Fig. 407) is another example of a good type

of single-acting engine. The excess pressure is maintained on the

pistons, in the direction of the crank-shaft, during the up-stroke, so
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that a constant thrust is maintained on all bearings both on up and
down strokes, by means of the compression and subsequent expansion

of steam in the space between the high-pressure and low-pressure

pistons. Distribution of the steam is effected by a valve gear deriving

Fig.

407

.

—

The

Peache

Engine.
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its motion from a point on the connecting-rod. This valve motion

provides for the placing of the valves in a convenient position at

the back of the cylinders. There are no eccentrics on the crank-

shaft, and therefore room is left for long and well-supported crank-

shaft bearings. The crank-shaft and other working parts run in a

bath of oil and water. The engine consists of three tandem compound
engines combined and working on cranks at 120°. The steam is

distributed to the two cylinders of each engine by a single piston valve.

The steam enters by a branch on the low-pressure cylinder-casting,

and at the centre-line of ffie steam-chest, and passes right and left by
passages formed in the casting to the other two steam -chests. At the

top of the stroke the' high-pressure piston uncovers two small bye-pass

ports which communicate with the space underneath that piston, and
thus for an instant at the top of each stroke the space called the con-

trolling-cylinder is placed in communication with the high-pressure

cylinder, and by this means the initial pressure of steam in the con-

trolling cylinder is maintained at a constant proportion to that in the

high-pressure cylinder.

In the condensing type engines, in which the ratio of expansion

and range of temperature is large, a steam-jacket is applied to the

controlling cylinder, so that the steam in the controlling cylinder becomes

a medium for the transfer of heat from the steam-jacket to the working
surfaces of the high-pressure and low-pressure cylinders.

To maintain a constant thrust on the valve-motion an air-bulfer is

adopted.

A feature of this engine is the position of the crank-shaft, which
is placed in front of the cylinder-axis. This position is adopted to

obviate reversal of pressure of the cross-head on the guides, which
occurs in a single-acting engine with the usual position of crank-

shaft. It will be seen that the connecting-rod is nearly vertical

during the down-stroke, when the heaviest pressures are being trans-

mitted by it, and that during the up-stroke, when the angle the

connecting-rod makes with the piston-rod is large, the pressures

transmitted are small, but the angle of the connecting-rod being

always towards the back cross-head guiding surface, the resultant

pressure is always on the back guide.

Results of Trials of 150 Horse-power Peache Compound Engine.
-* Condeiirting. Non-comleiising.

8team-chest pressure 94 lbs. 119 lbs.

RevolutioDS ... 438 438
M.K.P ... 40*01 42*96

I.H.P ... 141 1605
EH.P ... 124*3 128-0

Efficiency per cent ... 88*3 85
Steam per I.H.P. per hour ... 184 22

„ E.H.P. „ ... 20*9 25*8

TJie Beiliss Engine .—This engine well illustrates the possibility of

running double-acting engines at high rotational speed without fear

Of excessive wear and knocking. It is claimed for it that its success
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is chiefly due to the application of forced Inhricatwn, that is, supplying

the lubricant to the moving parts under pressure. The pressure

required for this purpose is not the maximum pressure on the bearing,

but only a pressure sufficient to force the oil into the bearing on the

return stroke, when the pressure is reduced on one side of the pin;

while on the driving stroke the time is not sufficient to squeeze the

oil from between the surfaces, before the pressure is again reduced

and the supply renewed.

The difficulty felt in running double-acting engines at high rotational
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speeds arises from the known necessity of close adjustment of brasses
to avoid audible knock and ensure quiet running

;
and this necessary

closeness of adjustment renders the pin and its bearing liable to get
hot and the pin to seize. The liability to seize arises from the fact

Scale

Fig. 409.—The Belliss Engine.

that, owing to the necessary closeness of fit, any small increase of

temperature in the pin causes sufficient expansion to make it overtake
the small clearance permissible when cold, and trouble immediately
follows from seizure of the pin.^

* See Dales on “High-speed Engines,” Proc, Inst, C.E.^ vol. cxxxvi.



Fig. 410.



Fio. 4U.
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There cannot, however, be any increase of temperature in the pin

so long as the pin and its bearing are wdl supplied with oil between
the surfaces, hence the value of forced lubrication.

In the Beiliss engine the forced lubrication is supplied to all the

bearings by means of a simple pump without valves or packing, dis-

charging the oil at a pressure of about 15 lbs. per square inch through
a specially arranged system of oil-distributors shown in Fig. 408,

which is a sectional elevation of the Beiliss engine. Fig. 409 is a

side elevation of the same engine.^

It will be seen that the steam is supplied to the engine after first

passing it through a large separator, where water-particles in the

steam due to priming in the boiler or condensation in the pipes are

separated, and the steam is passed forward in a drier condition to the

engine.

There is only one slide-valve for the two cylinders placed between
‘ the high and low pressure cylinders. It is of the piston type, and

is driven by a single eccentric as shown.

The governor is of the throttling type, working an equilibrium

throttle-valve (Fig. 409), and is adjustable by hand while the engine

is running.

The table shows the performance of this engine under two different

systems of governing.

Plate II. and Figs. 410, 411, 412 are sectional drawings of a high-

speed double-acting compound engine specially designed for tliis book

by Mr. T. Scott-King.

The engines have 10 in. X 16 in. cylinder X 8 in. stroke
;

the

cranks are opposite.

* From the Proceedings of the Inst of Mech Engrs.
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It will be noticed from the plan (Fig. 412) that the centres of the

cylinders are kept as close as possible by arranging the high-pressure

valve somewhat in front of, and the low-pressure valve behind, the

centre line of the two cylinders.

The slide-valves are driven by one eccentric only, the valve-rods

being connected to s^eparate arms extending from the eccentric rod.

Both of the valves are of tlie piston type
;

they are therefore in

equilibrium.

The weight of the moving parts of the two engines is made equal,

by increasing the thickness of the high-pressure piston.

Exceptionally Ipng metallic-packed piston-rod stuffing-boxes are

provided.

The engine is fitted with a very complete system (^f forced lubrica-

tion to all the bearings, the lubricant being forced by means of a simple

pump driven from the eccentric strap. Advantage is taken of centri-

fugal force to distribute the oil to the crank-pins and eccentric.

A throttle-valve governor is attached, as shown, and the working
parts of the engine are completely enclosed.

Figs. 413 and 414 are illustrations of the Sissons high-speed engine.

The special features of the engine are (1) the self-adjusting crank-

pin brasses in the large end of the connecting rod alret'idy shown in

Fig. 320.

(2) The arrangement of the cylinders so that the centre-lines of the

engines may be k('pt as close together as it is possible £o get them.

The object of this is to reduce^, the rocking moment
;
the high-pressure

piston and its long piston-rod are together made equal in weight to

the low-pressure piston and its rod. The rocking moment of the

couple is as nearly as possible counteracted by balance weights

attached to the outer* crank webs. The cranks are opposite, and the

engine runs very str^adily.

(3) The slide-valves are both of the piston type
;
the high-pressure

valve has inside steam-admission, and the low-pressure valve has

outside steam-admission
;
thus there is simply a plain neck coimecting

the high-pressure cylinder exhaust^ with the low-pressure cylinder,

and no stuffing-box is required there. The only valve-spindle stuffing-

box is at the lower part of the low-pressure cylinder, where it is exposed
to the pressure and temperature of receiver steam. The valve-spindle

is provided with an air-cushion cylinder, thus reducing the load on
the valve-gear to a minimum.

(4) This engine lends itself well to the use of superheated steam,

first because of the absence of a valve-spindle stuffing-box in the

initially superheated steam, and secondly because of the length

of the bush of the high-pn^ssuro piston-rod, which removes any
possibility of difficulty occurring with the high-pressure stuffing-

box.

(5) This engine is fitted with a governor (not shown) which
acts on the cut-off*, varying the number of expansions during the

fall from full-load to medium load, and afterwards completing the

governing of the engine by throttling. This system of governing
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is in accordance with the teaching to be deduced from Fig. 367, from

which it is seen that below a certain load throttling governing is

Fig. 413.

the more economical
;
above that load, governing by variable expansion

has the advantage.



QUICK-REVOLUTION ENGINES. 361

Direction of the Stresses in Single- and Double-acting Engines.

—

In the single-acting engine there is in every revolution

—

(1) A reversal of the

twisting stress in the

3rank-shaft, the piston

driving the crank during

the down - stroke, and
the crank lifting the

piston during the up-

stroke.

(2) A reversal of the

mean direction of the

beiding stresses on the

craik-pin. This will

be seen by considering

the diagram (Fig. 415).

This, suppose the circle

1214 to represent the

crark - pin travelling

rouiil the circular crank-

pin path of a vertical

engiie. Here, when the

pistol is at the top of

its sroke, there is a

vertial bending stress

on th( crank-pin in the

direction 1 to 3 ;
at

half-stoke downwards,
the btiding is in the

diree.tin 4 to 2 ;
at

the botom position, the

bendini at end of stroke

is in tie direction 3 to

1. Tb mean bending
is in th( direction 4 to 2.

On tie return stroke

the ernk lifts the

moving parts, and the

mean boding stress is

now in he direction 2

to 4, wtch is opposite

to that iithe downward
stroke.

In thf double-acting

engine he twisting Fig. 414.

stress on iie crank-shaft

and the lean bending action on the crank-^in are not reversed,
and in tese respects the advantage is with the double-acting
engine.
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On the other hand, in the double-acting engine there is

—

(1) A reversal of the stress in the piston-rod and connecting-rod,'

these rods being in compression on the down-stroke and in tension

on the up-stroke.

(2)

A reversal of the bending stress on the

cross-head pin.

In the single-acting engine there is nc

reversal of stress in the piston-rod and con-

I
necting-rod, these rods being always in con-

pression for both strokes; and the bendirg

stress on the cross-head pin is always in ore

direction. In these latter respects the singe-

acting engine has the advantage. It wll

also be noticed

—

Fig. 415. (
1
)
That in the double-acting engine ^he

wear on the cross-head pin is on both its

top and bottom surfaces, and on both the top and bottom cross-bad

pin brasses—hence the tendency to knock
;
while in the single-acing

engine the wear is on the upper portion only of the cross-head pin,

and on the top cross-head brass only.

(2) That in the double-acting engine the wear is on both th top

and bottom of the crank-pin brasses, causing a tendency to kiock

;

while in the single-acting engine the wear is on the top craiK-pin

brass only.

(3) The pressure on the brasses in single-acting engines being

never entirely relieved, the lubricating arrangements require to be

carefully designed.

The crank shaft has probably been the cause of most troible in

high-speed engine practice, the fault being usually want of suHcient

diameter, and a consequent tendency of the shaft to bend, ausing
uneven wearing in the bearings, heating, and more or less fequent
breakages.

Shafts are now made of larger diameter than formerly, the ojection
to increased rubbing velocity at high speeds is removed by iaproved
methods of lubrication.

The shafts and other working parts are further stiffened )y using
steel of high tenacity.



CHAPTER XXIV.

THE MARINE ENGINE.

Figs. 416, 417, 418 illustrate types of triple-expansion marine engines

showing various arrangements of cylinders. The letters of reference

Fig. 416. Fig. 417.

‘on the cylinders—H.P., high-

pressure cylinder
;

I.P., inter-

mediate-pressure cylinder
;
and

L.P., low-pressure cylinder

—

indicate the progress of the

steam from admission to the

high - pressure steam-chest to

leaving the engine on its way
to the condenser.

TO CONDENSER

FROM BOtLER

Fig. 418.

Fig. 418 shows two low-pressure cylinders. This arrangement is

adopted where a single low-pressure cylinder casting becomes too

large. It is also convenient for the purpose of more effectually

balancing tlu^ engine.

Fig. 419 is given as illustrating a good example of a modern
marine engine of the four-crank triple-expansion type. Each
of the two low-pressure cylinders has half the piston area of

the one large low-pressure cylinder which would otherwise be

required.

The engines are capable of developing about 660 I.H.P.



Fig.

419.

—

Four-crank

triple-expansion

marine

engine.
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The dimensions and other particulars are as follows .

—

Diameter of H.P. cylinder ... ... ... 13 in.

L.P. „ 22 „
„ P.L.P. „ 23i „
„ A.L.P. m

Stroke 21
Boiler pressure 170 lbs.

Kevolutions per minute 166
Piston speed „ 581 ft.

Vacuum 26 in.

Indiciited horse-power

—

H P. cylinder ... 213
l.P 212
F.L.P 107
A.LP. „ 128— 600

The two forward cranks are placed directly opposite each other, and
the two after cranks in the same relative position to each other, but
at ri^ht angles to the two forward ones. Th(^ pistons working in

opposite directions are made of equal weights.^

The engines are fitted with only two sets of slide-valves and valve

gear, and in each case one valve regulates the steam-distribution to

two cylinders.

Plate ITT. illustrates the engines of the s.s. Tnchmona, which is con-

structed with the special object of high steam economy and freedom

from vibration. These engines are built with five cranks, and the

boiler pressure is 255 lbs. per square inch, the steam being generated

in cylindrical boilers of the ordinary multitubular type. This is

probably the first instance of so high a pressure being carried in a

large boiler of this type. The boilers were tested by Lloyd^s sur-

veyors to 510 lbs. per square inch hydraulic pressure.

The engines are quadruple expansion, with two low-pressure

cylinders, making five cylinders connected to five cranks. The cranks

are set at equal angles. The engine is designed so as to have light

reciprocating parts, equal weights of reciprocating parts on each

crank-pin, to divide the total work between five cranks, thus reducing

initial stresses on the bearings, and distributing the total power at

five equal points round th('- crank circle.

The boilers are fitted with a battery of steam-drying tubes through

which the steam passes on its way to the engines, and the cylinders

are very thoroughly steam-jacketed. The feed-water resulting from
condensation is taken up at a low temperature due to the adoption of

a high vacuum, and is passed first through feed-heaters heated by
exhaust steam, and then through a fui‘ther series of feed-heaters

working at successively higher pressures and temperatures with

steam taken from successive steam-chests, so that before the feed

enters the boilers it is at a temperature about 400° Fahr.

The boilers are fitted with the induced draught system of Messrs.

' From a paper by Mr. John Thom, read before the Inst, of Engineers and Ship-

builders, Scotland.
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John Brown & Co., of Sheffield, by means of which a rate of com-

bustion can be maintained of 40 lbs. of coal per square foot of fire-

grate.

Trials of these engines resulted in a consumption of 1’07 lb. of

North country coal per I.H.P. per hour.

In the series of marine engine trials conducted by a committee of

the Institution of Mechanical Engineers,^ the following results were

obtained :

—

Boiler

pressure.
Uevolutions. Stroke.

Feed-water
per I.H.P.
per hour.

Fuel per
I.P.H. per

hour.

Compound engines—
Fiisi Yama 5G-8 55-0

in.

33 21-2 2-66

Colchester 80-5 80-6 36 21-7 2-90

Ville de Douvres ... 105-8 36-82 72 20-8 2-32

Triple expansion—
Meteor 14.5-2 71-8 48 15 2-01

Tartar 143-r> 70*0 42 — 1-77

Iona
1

1050 61-1 39 13-3 1-46

Reduced consumption of fuel per unit of power has steadily

followed the gradual increase of steam-pressures, as will be seen

from the following table of marine-engine performance :

—

Year.
Boiler-pressure

by gauge.
Type of
engine.

Consumption of
coal per I.H.P.

per liour.

lbs. lbs.

1830 2 to 3 Simple 9-0

1840 8 5-5

18.50 14 i 4-0

1860 30 yy
3-0

1870 50 26
1880 80 Compound 2-2

1886 160 Triple 1 5
1896 255

1

Quadruple 1-07

Particulars of some^ War-ship Engines and their Performance.

—

Battleships: Indicated horse-power, 18,000; twin engines, cylinders,

33^ in., r)4| in., 63 in., 63 in.
;
stroke, 48 in.

;
revolutions, 120 ;

piston
speed, 960 ft. per min.

;
working steam-pressure, 300 lbs. to 250 lbs.

;

Belleville boilers, 24 ;
heating surface, 43,260 sq. ft.

;
grate area,

1375 sq. ft.
;
heating surface per I.H.P., 2*4 sq. ft.

; I.H.P. per square
foot of grate area, 13*1. The boilers are worked with natural draught.

Cruisers

:

Indicated horse-power, 30,000 ; twin engines, cylinders,

43^ in., 71 in., ’81J in., 81J in.
;

stroke, 48 in.; revolutions, 120;
piston speed, 960 ft. per min.

; working steam-pressure, 300 lbs. to

* Proc, Inst. Mech. Engrs., 1894, p. 33.



THE MARINE ENGINE, 367

250 lbs.
;
Belleville boilers, 43 ;

heating, surface, 71,970 sq. ft.; grate

surface, 2310 sq. ft.
;
I.H.P. per ton of machinery, 12 ;

heating surface

per I.H.P., 2*4 sq. ft.
;
I.H.P. per square foot of grate, 13*0.

The following are particulars and data of trials of H.M.S. Amphi^

trite :

—

Low Medium Maximum
power. power. power.

steam-pressure in boilers ... 22(5 252 279

„ at engines ... 212 240 254
Mean pressures, high 37-3 89 '5 102\S

„ intermediate 15 5 36-3 44-2

„ forward low 5-5 131 16*9

„ aft low 5-5 13*3 1(5*9

Revolutions 72-5 111*1 121*8

I.n.P. starboard engine 1809 6898 9171

„ port engine 1852 6797
1

9058

I.H.P. total 3751 13,695
,

18,229

Coal per I.H.P. per hour 1-54 1*43 1*57

Coal burnt per square foot ofi 9-84 19*8
grate per hour ... lbs./

Cut off per cent., high — 64 i 66

„ ,, intermediate — 65
1

—
„ low 70 !

—

Ratio of Power to Dimensions of Ships.

—

If H “ indicated horse-power

;

V = speed in knots
;

D = displacement in tons

;

C = a constant.

Then H = X
C

For large and fast steamers, C = 250
For large cargo vessels, C = 235
For cruisers and battleships, C = 225

The above are average values of the constant C.



CHAPTER XXV.

THE LOCOMOTIVE.

Fig. 420 illustrates the general arrangement and construction of an
express passenger locomotive engine.

It is necessary that the locomotive shall be self-contained, that

is, it must consist of a boiler and an engine, and the whole machine
must be placed upon one carriage. The problem for locomotive

engineers is how to obtain the greatest possible p^)wer for the least

possible weight. This is done by using small boilers of great

strength, maximum heating surface, and maximum grate area,

working at a high rate of evaporation, using steam of high pressures

in small cylinders and running at high rotational speeds. The
question of economy of steam is compromised for the sake of power
combined with greatest possible reduction of weight. The engine

and boiler are each bolted to the frames of the carriage. The frame
is self-contained, and through it the whole of the stresses due to

the pr(3ssure on the pistons and the pull on the draw-bar due to the

load are transmitted.

It will be noticed that the axle of the trailing wheeds is placed

just behind the boiler, the axle of the driving-whends just in front

of the fire-box, leaving clearance for the cranks and connecting-rod

heads.

The bogie carriage works on a pivot beneath the cylinders. The
bogie wheels guide the engine and prepare the rails to receive the

weight of the large driving-wheels
;

the hind, or trailing wheels,

steady the engine, while the driving-wheels transmit the power
of the engine to the rail, and they are placed as nearly as possible

under the centre o£. gravity of the whole. The example has the
slide-valve chest between the cylinders, and is fitted with the

Stephenson link motion.

Plate IV. is a drawing ^ of a four-wheeled coupled express passenger
engine for the Lancashire and Yorkshire Railway, and designed by
Mr. J. A. F. Aspinall. Figs. 421, 422 and 423 are various views of

the same engine. The cylinders are 18 in. in diameter by 26 in.

stroke, the diameter of the bogie-wheels being 3 ft. Of in., and the

driving-wheels 7 ft. 3 in. The dimensions of the various parts of

the engine are given on the drawings. The weight loaded on the
bogie is 13 tons 16 cwt.

;
on the driving-wheels 16 tons 10 cwts.

’ From the Mechanical Engineer^ June 25, 1898.
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Fig. 421.
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—

Express

passenger
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L.

and

Y.

Railway.
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and on the trailing wheels 14 tons 10 cwt.
;
making a total weight,

exclusive of tender, of 44 tons 16 cwt.

The fire-box is of the ordinary type, the roof being carried by bridge-

bars, supported by sling-stays from the crown of the fire-box casing.

The sides are supported with copper-screwed stays having eleven

threads to the inch and riveted over on the ends. The area of the

fire-grate is 18| sq. ft. The barrel of the boiler is arranged in

three plates telescopically, and measures 4 ft. 3 in. in diameter by
11 ft. between the tube-plates, there being two hundred and twenty

tubes with an external diameter of 1| in.

The total heating surface of the tubes is 1108 sq. ft., and of the

fire-box 107*6 sq. ft. There are two Ramsbottom duplex safety-

valves fitted on the cover of the manhole mouthpiece, at the top of

the fire-box casing. The valve gear is of the Joy^s type. The slide-

valve chests are above the cylinders, and thus permit of a maximum
diameter for the cylinders.

Fig. 424 is an outline drawing of an exceptionally powerful type

express passenger engine built for the Lancashire and Yorkshire

Railway by Mr. J. A. F. Aspinall.

The special feature is the boiler, which is much larger than usual.

The heating surface is 2052 sq. ft. : the grate are^a is 96*06 sq. ft.

;

driving-wheels 7 ft. diameter, coupled. The cylinders are 19 in.

diameter by 26 in. stroke
;
length of steam-ports, 1 ft. 5 in.

;
width

of steam-ports, 1-| in.
;
lap of slide-valve, 1 in.

;
maximum travel of

slide-valve, 5 in.
;
lead of slide-valve (constant), ~ in. The valve-gear

is Joy’s.

Fig. 425 is an outline drawing of a North-Eastern express passenger

engine by Mr. W. Worsdell. The engine has inside cylinders 20 in,

diameter and 26 in. stroke.

Fig. 426 is an enlarged drawing of link-motion details for a
locomotive.

Joy^S Valve Gear.—This gear, as fitted to locomotives, is illustrated

in Fig. 427. From point A in the connecting-rod, preferably about the

middle motion is imparted to a vibrating link, B, constrained at its

lower end to move in a vertical plane by the radius rod C. From a
point D on this vibrating-link a lever, E, is attached to a centre or

fulcrum, F. The lever E is extended beyond centre F to K
,
from which

point the valve spindle is driven through the link G. The fulcrum
F partakes of the vertical movement due to the oscillation of the con-

necting-rod in a vertical plane. To guide the centre or pin F in its

vertical movement, it is carried by a block working in a slot, J, which
is curved to a radius equal to the length of the link G. The slot itself

is formed in a disc or block, which is pivoted on a centre which
coincides with the centre F of the lever E at the moment when that
lever is in the position due to the piston being at either end of the
stroke. The disc or block containing the slot is capable of being
partially rotated on its centre or pivot, so as to incline the slot over
to either side of the vertical by means of the lever M, thereby
causing the curved path traversed by the centre F of the lever E





376 STEAM-ENGINE THEORY AND PRACTICE.

to cross the vertical arc, and thereby give the valve spindle the

required horizontal movement.

The forward or backward motion of the engine is detei’mined by

Fig.

426.
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ffivinff the slot an inclinedo o
^

vertical line as required.

When the slot is in an
exactly central position, this

position if^ mid-gear travel of

the valve, and the steam is

admitted at each end of the

stroke through a port-opening

equal to the amount of the

lead. With this gear the h^ad is

constant for forward and back-

ward strokes, and for all de-

grees of expansicni. For when
the engine-crank is set at the

end of the str‘oke, (uther way,

the centrci F of the valve

lever E coincides with the

cemtre of the slot, and ther(v

fore the slot may be rotated

on its pivot from forward to

backward gear without affect-

ing the position of the valve.

Fig. 428 is an enlarged view

of the steam regulator-valve

of the equilibrium type, as

used for admitting steam to

the engine.

Fig. 429 is an enlarged de-

tail drawing of a Ramsbottom
safety-valve as used on loco-

motives.

Train resistance consists of

(1) Resistance due to friction

—this is much modified by
the effect of wind and curves

;

(2) resistance due to gra-

vity.

A formula for train resist-

ance due to friction^ based on
the results of experiments, is

given by Messrs. Pettigrew

and Ravenshear ^ as follows :

—

R = 9 -f- 0-007 V2

where R = resistance in lbs.

per ton, and
V = velocity in miles

per hour.

position on one or other side of the

’ “ Manual of Locomotive Engineering,” p. 77

Fig.

427.
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Besistance due to Gravity.—The work done by a locomotive in climb-

ing an incline is found thus : Let the line de (Fig. 430) make an
angle 6 with the horizontal line fe. Draw a vertical line ah through

the centre of gravity of the weight = W, and draw ac at right angles

and ch parallel to de. Then ac is the reaction of the plane, and cb is

the tractive force required. But triangles def and hac are similar

;

« df be tractive force
therefore == - , = ^—i

de ab load

or, tractive force = resistance = load X sin 6

The total resistance R' to be overcome is equal to the sum of the

resistances due to friction and
gravity respectively

;
thus :

IV = (9 -f 0-007 V2) + 2240 sin 6

1 . . vertical rise
where sin 6 = —

•

length or incline

and R' = lbs. per ton of load.

Tractive Force of Locomotives.

—The power of the pair of engines

with cylinders of equal iliameter

and stroke, such as ar(‘ us(^d in

non - compound locomotives, is

estimated as for any ordinary cas(‘, but th(^ tractive forces which can be

transmitted will depend upon the diameter of the driving-wheel and
the force of adhesion of the wheel and rail.

Work done in one cylinder during one revolution = 2

where d = diameter of cylinder in inches

;

L = length of stroke in feet

;

p = effective mean pressure of steam per square inch.

Work done in two cylinders during one revolution = rrd'^Lp

And this work per revolution is equal to the tractive force T X circum-

ference ttD of driving-wheel

;

therefore wd'hp) = TttD

or.T = ''^

where the values of L and D are both in the same tc^ms. This

is the formula for the tractive force exerted by an engine
;

thus,

for cylinder of 18 in. diameter, 26 in. stroke, and 7 ft. driving-

wheels

—

rx. . n 18x18x26
Tractive force = ^ =100 28 lbs.

per 1 lb. mean effective pressure of steam on the pistons.

The force which can act through the wheel depends upon the

adhesion of the wheel to the rail, and this is proportional io the

weight W on the driving-wheel, other things being equal. W is
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the share of the weight of the engine carried by the driving-wheels, in a

single driving-wheel engine, but by coupling the driving-wheels to two
or more wheels on each side of the engine, the adhesion will be due to

the sum of the weights on the coupled wheels.

Performance of Locomotives.—The following particulars are from

tests recently made of a London and South-Western express

engine :
^

—

Class of engine
Diameter of driving-wheels

„ cylinders

Stroke
Moan boiler-pressure

Grate area
Coal burnt per square foot of grate area per hour

„ „ l.H.P. per hour
Calorific value of 1 lb. of coal ...

Water evaporated per pound of coal

„ „ from and at 212°

Feed temperature
Maximum I.II.P

Mean l.H.P
Maximum vacuum at base of chimney
Mean „ „ „
Maximum temperature of smoke-box gases

Mean „ „ „
Mean „ air-box gases

Back pressure at maximum l.H.P.

„ ,, « speed

4 wheels coupled
85 in.

li^ „
26 .,

167*5 lbs.

18*14 sq. ft.

62*51 lbs.

2*81

18,908 B.T.U.
9*282 lbs.

11*85

61° F.
684*1

490*6

8*5 in.

4-98 „
585° F.
488*9° F.
68°

10 lbs. per sq in.

5*38

The average steam-consumption given in Mr. Drummond’s trials of

non-compound locomotives are

—

24 lbs. per I.H P. per hour at 150 lbs. pressure
18*3 lbs. per l.H.P. per hour at 200 lbs. pressure.

Mr. S. Johnson^ gives particulars of a trial of a single driving-

wheel locomotive on the Midland Railway, showing that the engine

burns 2-9 to 3*1 lbs. of coal, and uses 29 lbs. of water per l.H.P. per

hour when the horse-power is 400.

Some extremely interesting experiments with a locomotive have
been performed at the experimental laboratory of the Purdue
University by Professor W.F.M. Goss and his staff. The locomotive

used was built at the Schenectady Locomotive Works, and it has

cylinders 17 in. diameter and 24 in. stroke.

The power of this engine while running under a full throttle and
with a boiler-pressure of 130 lbs. is shown by the following table :—

•

’ Proceedings Inst G.E.. vol. exxv. See also Messrs. Pettigrew and Ravenshear’s
“ Manual of Locomotive Engineering.”

* Presidential address, Inst. Mech. Engrs., 1898.
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Indicated Horse-power at Different Speeds and Different Cut-offs.

Boiler-pressure, 130 lbs.; Throttle fully open.

Speed in

miles.

Revolutions
per minute.

Indicated Horse-power at the following
cut-offs :

—

6 in. 8 in. 10 in.

15 81

!

190 270 _
25 135 223 368 455
35 188 298 431 501

45 242 302 437 —
55 296 292 438 —

‘‘ The power of any locomotive is limited at low speed by its

adhesion
;
at higher speeds by the capacity of its boiler.”

An important point to which Professor Goss calls attention is the

relation between the speed of a locomotive and its effect upon the

mean effective pressure in. the cylinder. This is shown in the following

table :

—

Mean Effective Pressure at Different Speeds and Different Cut-offs.
Boiler-pressure, 130 lbs.; Throttle fully open.

Mean effective pressure at the following

Spe(Hl in
1

Revolutions 1

miles.
!

per minute, i

—
6 in. 8 in.

j

10 in.

15 81 43*5 61-9

25 135 30-5 51*2 63 3
35 188 29*6 42-4 480
45 242 23-2

i

.33-2 —
55 296 18-3 27-4

i

These two tables show “ that the power of the engine tested

increases with increase of speed up to about 35 miles per hour (188
revolutions per minute). Above this limit the power remains
practically constant.”

The reason of this is, of course, that as the speed increases the

mean pressure of the steam in the cylinder at the same time falls, and
the product of mean pressure and piston speed is about constant

above a certain speed.

With regard to the steam-consumption of locomotives. Professor

Goss gives the following table :

—
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Steam-consumption per Indicated Horse-power per Hour at Different
Speeds and Different Cut-offs.

Speed in

miles.

1

Revolutions
per minute.

Steam-consumption in pounds per I.H.P.
per hour.

Cut-off in inches of stroke.

6 in. 8 in. 10 in.

15 81 28-93 27-66

25 135 28-06 26-60 28-6

35 188 26!)3 26-28 301
45 242 28C0 28-45 —
55 296 30-64 32-00 —

The compound locomotive has made some progress in recent years,

especially on the Continent and in Amercia, but it has not, so far,

been very generally adopted in this country.

The most notable exceptions to this statement are the engines

built by Mr. Webb for the London and North-Western Railway, and
those by Mr. T. W. Worsdell for the Great Eastern and North
Eastern Railways.

Fig. 431 illustrates the Webb compound three-cylinder engine,

consisting of two outside high-pressure cylinders 14 in. diameter and

24 in. stroke, which drive outside cranks on the trailing wheels

;

and one large low-pressure inside cylinder 30 in. diameter and 24 in.

stroke, placed between the frames and below the smoke-box, driving

on to the single crank-axle of the middle pair of wheels.

More recently Mr. Webb has designed an engine with four

cylinders (Fig. 432), two outside high-pressure cylinders 15 in.

diameter, and two inside low-pressure cylinders 16J in. diameter.

All the cylinders are 24 in. stroke. These are all situated in a line

below the smoke-box, and all drive on to one axle. There are two
coupled pairs of wheels 7 ft. 1 in. diameter.

Various experiments have been carried out, proving generally the

superior economy of the compound engine, varying in amount of from

9 to 17 per cent, or more. But less convenience and promptness in

handling, are stated jas reasons for the general preference for the

simple type.
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Fig.

431.

Express

locomotive—

Webb

three-cylinder

compound,

L.

and

N.W.

Bailway.
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Fig.

432.

—

Express

locomotive

-Webb

four-cylinder

compound,

L.

and

N.W.

Railway



CHAPTER XKVI.

THE STEAM TURBINE.

The introduction of the dynamo was the beginning of a demand for

high speed of rotation of prime movers. Originally the dynamo ran

much faster than the engine which drove it, and a belt connection

between the engine and dynamo was always resorted to. The problem
at that time for dynamo designers was how to design a dynamo
which could run direct-coupled to the slow-revolution engine, and
the solution resulted in designs having extremely large diameters.

At the same time, by the efforts of Willans, Beiliss, and many others,

the high-speed or quick-revolution engine was introduced, which ran
at such a speed that dynamos of moderate dimensions could be direct-

coupled to the engine driving them.

Meanwhile, many engineers and inventors were working on the

idea of a steam turbine which should be capable of doing work on a
practical scale by the kinetic energy of steam issuing from a jet at

high velocity. AVith the success of these efforts the problem was
entirely reversed, and it now became the question how to design a
dynamo which should be efficient at the extremely high rate of

rotation of the turbine spindle, an even more difficult problem than
the first one for continuous-current work.

All these designs of low and high rates of rotation have their

advantages and their limitations, but there is probably a field for

all of them, each in its way being more suitable than the others under
certain conditions.

At the lower powers the reciprocating engine will, no doubt, hold

its own, but for the highest powers the steam turbine, for certain

classes of work, appears to be gradually superseding the reciprocating

engine.

Among the most successful practical designs of steam turbines

now in use in this country may be mentioned the Parsons, the

Do Laval, the Westinghouse-Parsons, and the Curtis.

Action of a Jet upon the Vanes of a Turbine.—Considering first

the simple case of a jet of water impinging on a series of flat vanes,

as in a water-wheel, the jet striking the vanes at right angles to their

surface.

Here the function of the vane is to change the direction of flow

2 C
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of the jet, the pressure on the vane being due to the change of

momentum of the fluid mass. In

I Fig. 433 the fluid, after impact, flows

I
away in a direction at right angles

I

to the surface, and the pressure or
' impulse of the jet upon the vane

r -
-
-
I"

: 1 1
is cqual to the change of momentum

V LL p0j. second

—

Fig. 433.

= — _ „) lbs. . . (i.)

where v is the velocity of the jet, u is

the velocity of the wheel, and W is the

weight of water impinging per second.

The work done per second ~ -~(v — u)n ft.-lbs. (ii.)

and the total kinetic energy of the jet = . . .
.

(iii.)

therefore the efficiency of the arrangement = E - (ii.) -i- (iii.)

~ ?/)

Differentiating we have

—

Equating to 0 to find the condition of maximum efficiency, we have

—

2 4:U r. V~ - = 0, or u = --

V 2

that is, the efficiency becomes a maximum when the peripheral
velocity of the wheel is one-half the velocity of the jet.

Example.— Let a jet with an

5Q initial velocity of 200 ft. per

/ \ second impinge on the vanes of

/ \ a wheel, and let the weight of

! V fluid discharged from the jet be

! \ 10 lbs. per second.
30 -4 u

Then the kinetic energy of the

/ \ . , 10 200 X 200
20 -/ V- V" '2 X 32-2

/ \ = 6211 foot-lbs.

10
y Y Taking various values for w,

O y namely, pg, etc., calcu-

^ ^ ^
* V lating efficiencies and plotting,

Fig. 434. obtain the curve as in Fig.Fig. 434.

434, showing that the maximum efficiency is obtained when u
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Thus, when u =
2-5

w
work done on the vanes = ( 1; —

. ^ . 2981 ^and efficiency = = 0*48

= 1^(200 - 80)80 foot-lbs.

9
= 2981 foot-lbs.

2981

6211

The maximum efficiency is 50 per cent., which is the best that can
be obtained with this shape of vane.

The motion of a fluid flowing in contact with a moving vane may be
resolved into

—

1. A motion eciual to that of the vane, and in the same direction.

2. A motion relative to tlie surface of the vane.

The motion of the fluid relative to the surface of the vane may be
altered in direction but not in magnitude. In the case, however, of

steam or expanding gases, motion relative to the surface of the vane
may be altered both in direction and magnitude.

The motion relative to the

vane is parallel to the surface,

and, neglecting friction, is con-

stant for fluids.

The pressure between fluid and
surface is normal to the surface.

When a jet flows on to a Fio. 4:i4A.

surface, and is thereby deflected

through a given angle d, the impulse F acting in the original direction

of the stream is given by the formula

—

Wv
F (1 ^ cos 0) (V.)

This expression represents the change of momentum of the mass.

Thus, when the jet is deflected through an angle of 90'^,

then

—

9
W«

“
~V
W«;

(1 — cos 6)

(1 - 0)

9
(vi.)

The stream has now no velocity in the original direction. When
the angle of deflection is greater than 90"", as in Fig. 434b,

’

then

—
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F = ^*’{1 - cos (180° - 6)}

Wv
=

g
Wv.^

= (1 "f* COS 0 ) • . •

9
^ ^

(vii.)

Showing that a bending back of the stream through an angle greater

than 90"^ gives an impulse

greater than that obtained

when the angle is less than
90".

When the stream leaves

the surface of the blade in

a direction exactly opposite

to that which it had on
entering, then

—

and

cos 6 — cos 180" = 1

Wt; 2Wt;

9
(viii.)

Fig. 434c.

That is, the impulse is double that in

case (vi.).

In practice that condition cannot be en-

tirely fulfilled, because of the necessity for

getting the fluid into and out of passages

freely, and the angle of the surface of the

blades both for inlet and outlet edges is

therefore opened out not less than 20" (see

Fig. 434c).

In this case

—

F -
-

^
(cos 0 + cos

.
(ix.)

Taking now a vane cup-shaped, as in the Pelton wheel, we have
the water leaving the vane in

a direction exactly opposite to

that of the original jet
;

the

UL velocity of the jet relatively to

the wheel is (v — u) when enter-

ing the wheel, and ^ (v u)

when leaving it. The absolute
Fig. 435. velocity of the jet when leaving

the wheel = w — (v — «) = 2m — i?. Then the pressure or impulse on
the vanes of such a wheel is equal to the change of momentum per

second.
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W . W— — (2tfc — i;)[ = 2 (v — «i) lbs. . .

and the work done per second = 2—(t? — u)u foot-lbs.

ioW, ^ ( . Wv^
the efficiency E = |^ (^ — u)u

^
-r- -

^

-

__ 4(«; — w)^t

. (X.)

•
(xi)

.
(xii.)

If It = J

then
A(v -- ii)u _

j

that is, if the peripheral velocity of the wheel is half the velocity of

the jet, then, with the semicircular cup-shaped vane, the efficiency

is unity, or 100 per cent.

Comparing equations (i.), (ii.), and (iv.) with equations (x.) (xi.), and
(xii.), we see that the pi*essure on the vane, the work done, and the

efficiency of the semicircular vane are in each case double that with

the flat vane.

Pressure Head and Kinetic Head.— It has been already . shown

(p. 14) that when gas or steam at a pressure acts upon a piston

against a back pressure the work done during admission and
expansion

—

When steam at a pressure meets with no resistance to its flow,

but is allowed to flow freely from pressure p^ to pressure the

energy is absorbed in giving motion to the steam, the “pressure

head*’ is converted into “kinetic head,” and the velocity of the flow

is accelerated.

These two forms of energy arc interchangeable—in other words, the

loss of pressure head is equal to the gain of kinetic head. Thus

—

kinetic head = pressure head

In the reciprocating engine work is done by means of “ pressure

head
;

” in the steam turbine work is done by means of “ kinetic head.”

Given equal efficiency of machines, the work which may be done
theoretically by the two modes of application of the steam is equal.

In practice, there are sources of loss of efficiency in both reciprocating

engines and turbines, but there are reasons for concluding that, at

least for higher powers, the turbine is the more efficient machine.

Velocity of the Steam.—To determine the dimensions of the
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turbine to deal with a given weight of steam, it is necessary to know
the velocity acquired by the steam due to the liberated energy for a

given fall of pressure
;
also to know the change in specific volume due

to the same change of pressure.

The velocity (V) of the steam for a given fall of pressure to

may be obtained from the following equation, which is deduced from
the equation above ;

—

Example 1.—Find the velocity acquired by steam at an initial

pressure of 150 lbs. per square inch absolute, falling freely to a
pressure of 15 lbs. abs.

^ ^ 150 X 144 X 3-011 X 0-3411

= 2916 ft. per second

Example 2.—Find the velocity acquired by steam at an initial

pressure of 150 lbs. per square inch absolute, falling freely to a

I)ressure of 1 lb. abs.

Y

ix 33-2 X 1-135 „„ ,,, ,li / I— ]-r35 ::ri'
x x 144 x 3-oiiJi - 1.35

[

= /^4 x 1-135
X 150 X 144 X 3-011 X 0-4519

V 0T35
- 3989 ft. per second

A more accurate method of determining the steam velocity V is

to equate the kinetic energy to the change of internal heat energy in

the steam. Thus, in falling from pressure 'p^ to p.j. without resistance,

the work done in generating velocity in the steam is e({ual to the

difierence of heat energy in the steam before and after the expansion

(see pp. 55, 56)

—

or =: J( //i
/io *4" *^1^1 "

Assuming the steam dry to begin with, and its initial velocity at

p^ equal to zero, then

—

its velocity at jpa
= ^ 2^J (fei — \ + Lj — a;2L2)

where is the dryness fraction of the steam after expansion (p. 44)

—
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T,
,

LAT^

Example.—Let dry saturated steam at an initial pressure of

150 lbs. abs. expand adiabatically to 15 lbs. abs.
;
then the heat

converted into the work of generating kinetic energy is obtained as

follows :

—

, T L \T
First find which =

(From the tables) x, = = 0-874

The value of x., may be obtained by direct measurement from the

temperature-entropy chart (Plate I.), as explained on pp. 44, 45.

Then for steam at^i == 150, = 1191 '2

„ „ j). = 15, lu 4- xXo = 181*8 + 0*874 x 965*1

:r: 1025*5

Then heat converted into work = 1191*2 — 1025*3

- 165*9 B.T.U.

And velocity V generated in the steam at pressure assuming
all the energy is used in accelerating the steam, also that the initial

velocity - 0, is obtained as follows :

—

V = ^"2|/J~xl6^i

V^>^~^~xT78 xWiJ
= 2882 ft. per second

Since \/2p^ = 223*8, the expression for velocity may be written

—

V - 223*8 V B.T.U.

or if the steam velocity be divided into a number of stages n, then the

velocity Vi of the steam at each stage =

Pig. 436 shows a curve of heat units liberated for a* given fall of

pressure from = 10 atmospheres downwards. The ordinates are

heat units, and the abscissae pressures per square inch in atmospheres.

In Fig. 437, the upper curve (starting from 10 and passing through
K and L) is a curve of velocities, V, upon a pressure base, showing
how for a given fixed pressure here taken at 10 atmospheres per

square inch absolute, the velocity of a freely flowing current of steam
increases as the pressure p.^ is reduced.

The way in which the kinetic energy of the steam is applied differs

with different designs of turbines : thus, (1) the steam may be allowed

to fall at once through the whole range of pressure in the nozzle, after

which the steam at its maximum velocity is directed upon the vanes
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of a single turbine wheel, as in the case of the De Laval turbine
;
or

(2) the steam may act by a series of successive small reductions of

pressure upon a number of successive alternating fixed guide^blades

and turbine wheels upon a single axis, each separate wheel dealing

with a limited portion of the pressure range, as in the case of the

Parson^s turbine
;
or (3) any combination of these methods, as, for

example, the Rateau and the Curtis turbines.

In the De Laval turbine, in consequence of the whole of the

liberated heat energy of the steam being converted into velocity in

the nozzle, the steam enters the wheel at from 3000 ft. to 1000 ft. per

second, depending on the exhaust pressure. Since the theoretical

speed of the ’wheel should be one-half that of the steam, we should

have a peripheral wh^el speed of 1 500 to 2000 ft. per second. But
this speed, which is equal to about one-third of a mile per second, is

far in excess of what is practically safe, both because of the stress in

the material due to centrifugal force, which increases as the square of

the velocity, as well as from the difficulty of balancing the rotating

mass
;
and in practice the peripheral speeds adopted are much lower,

though at the expense, of course, of thermal efficiency.

In Fig. 437 is shown diagrammatically the means adopted in a

multiple wheel turbine for obtaining a high thermal efficiency while

keeping down peripheral speeds.

The upper continuous curve, as stated above, gives the velocity
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obtained in a single nozzle for a fall of pressure through the whole

range, which, if used in a single wheel, requires for maximum thermal

efficiency a peripheral speed of wheel given by line AB.
The serrated horizontal line drawn about CD shows how the energy

of the steam may be utilized while keeping down peripheral speeds.

Considering each single set of fixed and moving blades as a separate

and independent turbine, the velocity of the steam depends on the

FT. PER
SEC.

difference of pressure on the two sides of the rings of blades, and this

pressure difference can be made very small, depending as it does upon
the number of rings of blades employed.

In Fig. 437, the case is taken of steam moving with a mean
peripheral velocity of 750 ft. per second.

The increase of velocity (as at GH = QH - PG) in passing from
ring to ring of blades is due to fall of pressure (OP — OQ) on the two
sides of the blades.

The fall of velocity (as at HJ ;= QH — QJ) represents the difference
between the absolute velocity of the steam on entering and on leaving
the blades of the rotatory wheel.

Each of the slanting lines, such as GH, drawn about the mean-
velocity line CD is parallel to the corresponding portion of the upper
velocity curve for the same range of pressures

; thus GH is parallel to

KL, each of these lines representing the rate of increase of velocity
due to a fall of pressure from OP to OQ, The vertical lines through
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P, Q, R, and S are drawn by dividing the velocity scale into a number
of equal distances, as NM and TV, projecting to the curve and
dropping perpendiculars.

It will be seen from the diagram that a given increment of velocity

(and therefore of energy) requires a fall through a larger range of

pressure at the high-pressure end of the scale than at the low-pressure

end
;

thus NM and TV are equal ranges of velocity, but PQ is

greater than ES.

Fig. 488.

Area of the Steam Passages.—In the case of an ordinary steam
nozzle, as also in the case of the steam turbine itself, the same weight
of steam is passing per second through the successive sectional areas
of the current, though the pressure, the velocity, the specific volume,
and the sectional area respectively will each vary from point to point
of its path through the turbine from the stop-valre to the exhaust.
The sectional area of the passages at the various points of its course

per pound of steam employed is given by the equation

—

A»V„ c=:

for any given pressure where A =: the sectional area of the steam
passage in square feet per pound of steam employed

; V = the velocity
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of the steam in feet per second
;
and v - the specific volume or volume

per pound in cubic feet at the given pressure p, or

—

specific volume
area = ^

velocity

Fig. 438 is a curve showing how the sectional area of the current

varies for steam starting at a pressure, pi = 150 lbs. abs., and ex-

panding without resistance to pressure (the pressure in the con-

denser).

The horizontal base is a scale of pressures, and the vertical scale is a
scale of areas in square feet. At each successive point on the pressure

line ordinates A are set up, by calculation from the formula

—

A = t?

where v is measured for the successive pressures from Fig. 439, and

V from the upper curve of Fig. 437.

From Fig. 438, and using the same range of pressure, we may obtain

a longitudinal section or profile of a suitable nozzle to deal with the

weight of steam required; thus (area per pound of steam) X (weight

of steam) = area required
;
and diameter at any section of nozzle

= jJ area -4- 0’78.



396 STEAM-ENGINE THEORY AND PRACTICE.

-^ig. 440 shows the longitudinal section of nozzle constructed by
making the ordinates = D calculated as above, and by setting off the
abscissae to a scale of pressures, the scale chosen being preferably some
function of the pressure, such as log j). The nozzle must not be made
too short, otherwise eddying and confusion of currents is set up, which
reduces the efficiency.

It will be seen that the nozzle at first rapidly converges till it

reaches a narrowest section or throat (B).

10 8 e 4 2 I 0‘5 0 25 0125

PRESSURE IN ATMOSPHERES.
440.

In the case of steam (unlike that of a liquid, where the volume
is constant), the sectional area of a suitable nozzle must provide, not

only for the increasing velocity due to fall of pressure, but for the

increasing specific volume due to the same cause. It will, of course,

be noticed that these two variables are opposite in tendency in their

influence upon the sectional area of the passage, the increased velocity

requiring reduced sectional area, and the increased specific volume
requiring increased sectional area.

The nozzle is convergent at first, because as the pressure falls the

velocity increases faster than the specific volume, and thus the value of

A = r/V decreases. -This continues till the pressure reaches a limiting

value, where A is a minimum. Beyond this point the nozzle is

divergent, because the rate of increase of v is greater than the rate

of increase of V
;
hence the value of A = v/V increases, the rate in-

creasing slowly at first, but afterwards rapidly at the lower pressures.

Maximum Rate of Flow through an Orifice.—Considering the

case of the flow of steam through a simple orifice, then, for a given

constant value of of the initial steam, as the back pressure p^ is

reduced the velocity of flow through the orifice increases, and this con-

tinues to be the law so long as p,^ does not fall below a certain critical

pressure.
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This pressure is reached when Pa = X 0%58. Thus, if the initial

pressure = 150 lbs. abs., and steam flows from a vessel at this

pressure through an orifice against an exhaust pressure p2>

flow will increase as the back pressure is reduced, till the pressurepo

at the orifice = 150 X 0‘58 = 87 lbs. At this pressure we have now
reached the maximum rate of flow. Any further reduction of back

pressure will have no efiect in increasing the rate of flow through

the orifice.

This law is embodied in Napier^s formula, namely

—

W
70

where W = maximum flow of steam in pounds per second through an

orifice of area a sq. ins., provided that the- back pressure is not higher

than 0*58 p^.

This determines the maximum weight of steam which can flow through

a given orifice for a given value of p^.

The kinetic energy of the steam at the orifice is that due to the
heat liberated by the fall of pressure from p, to jh X 0*58 only. By
further expanding the steam beyond the orifice, in a suitably shaped
nozzle, to the pressure po in the condenser, the remaining available

kinetic energy of the steam may be utilized.

For a simple convergent nozzle the equation on p. 389 can be used
to determine the maximum rate of flow through an orifice, and to

deduce Napier’s formula

:

Let A = area of orifice
;
then the volume of steam passing per

second = AV.
Let V

.2
== volume of one pound of steam at the final pressure p^ ;

then
the weight of steam W passing the orifice per second is

—

W = AV
^2

But = p./Vl

w = •

Substituting the value of V from equation (1)

(2)
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To find the ratio of^o to so as to give a maximum W, let^“ = t.

Vi

Then, for difierent values of r,W is a maximum when )m — )~ir
\pc

is a maximum, because all the rest are constants.
2 w "f* 1

To find when (r)~t — {r)~~iT is a maximum differentiate and equate
to zero.

Then
9 2

- (r)
^

n ^ '
-tL+ l

(r)^ =0
n ^

Dividing
1

by (r)», I
to

II

and II 1s it h - n or r = (
—

0 \ »

-T-r
\ 2 ’ Mi + 1’

For dry saturated steam n may be taken = 1135,

/ O \ 1*135

= 0-5'... r = \o i35 (>*575 or
V 2-135/I

Pi

From this result it is seen that the maximum flow of steam takes

place when j9o is 0-575jp]. Eeducing the final pressure of the steam

below this pressure does not increase the flow.

If the value of p., which makes the discharge a maximum be substi-

tuted in equation (1), a formula is obtained giving the velocity of the

steam at the throat of the nozzle

—

\n +1-21

1

« + l
)

If dry steam is expanded adiabatically the index w is 1*135 and is

very little less when the steam is not dry. Put w = 1*135 and let

Pi = pressure in lbs. per sq. in. = .

Then V = ^ 144

= 70 -2 ^?;^;

Since Pi^^i is nearly constant for the pressures usually employed, the

velocity at the throat of the nozzle will be nearly constant for all

initial pressures. Its average value is about 1475 ft. per second. If

the initial pressure is constant, the pressure and volume at the throat
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will be constant as well as the velocity, and hence the area at the

throat determines the amount of steam discharged.

The use of a divergent nozzle is necessary when the final pressure of

the steam is less than 0*575pi if the kinetic energy of the jet is to be

utilized. If there is no divergent portion beyond the throat, the steam

spreads out on entering the low-pressure medium, and the energy

developed by the expansion is wasted in producing vibrations of the

medium and in eddies.

The divergent portion of the nozzle directs the steam in a definite

direction, and by allowing for its expansion the velocity is greater at

the end of the nozzle than at the throat.

The maximum discharge of steam from a nozzle may be determined

as follows :

—

Substitute in equation (2) the value of V for maximum discharge,

W = ^ ^ Q ^

taking n = IT 35 and^“ = 0*58
Ih

W = 43-2 A. Pi

This can be reduced to Napier’s formula by assuming PiVi = a constant

= 441 and substituting A =
\

W =

W =

43*2 X
1 44

«iPi

70

V 441

Nozzle Design.—The important points in the design of nozzles are

the area at the throat or smallest part, and the area at the end of the

nozzle if divergent.

The initial pressure and weight of steam required to pass the nozzle

may be taken as being known. If the final pressure is 0 *575j9i
or less,

then Napier’s formula may be used.

W =
70

where W is the weight of dry steam discharged in pounds per second

;

is the initial pressure in pounds per square inch, and a is the area

of the throat in square inches. For steam of a dryness x the following

formula is very nearly correct :

—

70Wv'^W = ^,,-7
— or a =
X Pi

Example.—Find the area required for a nozzle to discharge 800
lbs. of steam per hour having a dryness of 0*96

;
initial pressure

being 100 lbs. absolute, and final pressure 14*7 lbs.
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The final pressure being less- than 0*575 x 100, Napier’s formula
may be used

—

70 Vo-96 X 800
= Too x-gol? 60

The area of the throat having been obtained, the area at only one
point in the diverging part is necessary as this part of the nozzle is

made straight.

Let a = area of the throat

;

u = specific volume of steam per pound at the throat

;

V = velocity of steam at the throat

;

X = dryness of steam at the throat.

Let be the corresponding quantities at a point in the

diverging part. The weight of steam passing the throat is

—

av

ux

The weight of steam passing the point selected is

—

(h^i

ViXi

• QY
ux u^x^ a v^ux

The distance of the point from the throat may be varied by varying
the angle of the diverging cone.

The usual cone angles employed in the nozzles of De Laval turbines

vary from 10° to 20°.

Example.

—

Find the size of a suitable nozzle to expand 800 lbs.

of steam per hour having a dryness of 0*96 from 100 lbs. absolute

to 15 lbs. absolute. Neglect losses.

The area for 800 lbs. at the throat by Napier’s formula = 0*152 sq. in.

Let Uiy and x^ be the volume, velocity and dryness respectively of

the steam at the end of the nozzle. Then x^ may be found from the

entropy chart, Ui may be calculated from the tables, and Vi calculated

as explained on p. 391.

iTj = 0*863; u, = 26*27 ft.

From the entropy chaft the heat drop = 135 B.Th.U.

= 224V 135 = 2600.

The pressure at the throat = 100 x 0*575 = 57*5 lbs. and from
the entropy chart the dryness x, after expanding from 100 lbs. to

57*5 lbs. = 0*927
;
heat drop = 42 B.Th.U.

u = 7-46 V = 224V4r9 = 1450 ft. per second,

. , „
_0-]52 X 1450 X 26-27 x 0-863

2600 X 7-46 X 0-927

= 0-278 sq. in.
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•152

0-7854
0-44diameter at throat = d == a,^

^

diameter at end of nozzle = ~ ^

Assuming a cone angle of 1

2°
!!i
~J = tan 6°
Jjt

0*15
where I = length of cone, I = -

® 2 X 0*105

Diagram of Velocities for a Single-wheel Turbine.—Let DB
fFig. 441) represent the curved form of the blades projecting from the

rim of the turbine wheel, p.
and receiving and exhaust- C
ing the steam at given

angles with the plane of

the wheel. Let CA be

the direction and absolute

velocity of the enter-

ing steam, making an
angle a with the plane of

the wheel, and Yy the

peripheral velocity of the

wheel.

From A draw AD
parallel to the plane of

rotation of the wheel, and
equal to the velocity of

the wheel-blade then

CD, making an angle /3

with the plane of the

wheel, represents the di-

rection and velocity to scale of the entering steam relatively to

the rotating wheel-blade.
Note.

—

CA may be considered as the path of a shot from a rifle, and
DA the path of a moving target, then the shot fired from C with
velocity and direction CA, at a target with velocity and direction DA,
will have a precisely similar effect to that of a shot fired from C with
velocity and direction CD when the target is still. Thus the direction

and absolute velocity of the shot = CA, but the direction and velocity

relatively to the moving target = CD.
Let BP represent the velocity and direction of the steam leaving the

blade, and making in this instance an angle of exit 6 with the plane of

the wheel equal to the angle of entrance yS. If the passage between
the blades is parallel, and there is no fall of pressure, then BF = Y^.

From F draw FG = Y,,, parallel to the plane of the wheel
;
then BG =

Y,. = the absolute velocity of the steam leaving the wheel, and the

direction which it makes with the plane of the wheel =
2 D



402 STEAM-ENGINE THEORY AND PRACTICE.

In order that the steam shall flow smoothly on to the vanes of

the turbine and not strike them abruptly and thereby cause loss by
shock, the design must be so arranged that the tangent to the

entering surfaces of the vanes shall be parallel to the line of flow of the

steam.

Thus CD is tangent to the entering edge D of the vane DB.
Efficiency.—The kinetic energy given up by the steam is represented

by
^9

and the efficiency of the turbine as a machine is pro-

_ y 2

portional to —
’ a

To obtain a maximum efficiency, it is obvious that the steam should

leave the turbine at the lowest possible velocity— in other words, that

Vp shall be a minimum.
The efficiency may be determined by considering the change of

momentum parallel to the wheel. The absolute velocity parallel to the

plane of the wheel on entering is V„ cos a

;

the absolute velocity

parallel to the wheel on leaving is cos
<l>
= cos 9 — Vx.

Turning effort = change of momentum per lb. of steam

work done per second

efficiency

t(V„co.sa - Vr + V.,cos^)

y

,

— (V„ cos a — Vx + N^i cos 9)

work done

original kinetic energy

Vt (V,, cos a — Vx + V,, cos 0)

2Vx (V,, cos a — Vx 4- V,/ cos 6)

Assuming there is no friction in the vanes V,/ = Y,, and taking
inlet angle 9 = outlet angle /?, the expression for the efficiency

reduces to

IVxfV^cosa-Vx)
0)

because V,^ cos 9 = V„ cos a —
• Vx-

Fig. 442 shows how the efficiency varies with the blade speed Vj,
assuming a = 20° and velocity of steam Va = 3200 ft. per sec.

The efficiency will be a maximum when

4Vx(V.cosa- Vx)

Y-2

is a maximum.
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To find the maximum efficiency consider Va and cos a to be constant,

then diiferentiate and equate to zero.

or

Va cos a — 2V^' = 0
cos a

2 *

Blade Speed Ft. /Sec

Fig. 442.

If a — 0'^ then Vj = -V,, (see p. 389).

If a = 20°; then cos 20° = 0'94.

= 0*47V,.

Substituting the value of V^, which gives the maximum efficiency in

equation (1), the

2V„ cos a (y„ cos a -
maximum efficiency = ^ ?

2V,2cos2a(l -1)

.

V?
maximum efficiency = cos^ a.

If a = 20°, maximum efficiency = cos^ 20° = (0-94)^ = 0’88, or 88
per cent.

In Fig. 443, K and L represent two rows of fixed guide blades, and
M a row of moving blades between them. Line V^ represents the

absolute velocity of the steam leaving the guide-blades K and im-

pinging on the blades M of the rotating wheel. Line Y,„ making an
angle /3 with the plane of the wheel, is tangent to the entering 'edge

of the moving blade, and is parallel to the direction (relatively to the

wheel) of the steam current enteriug the blades.
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The steam now flows between the blades of the moving wheel,

following the concave surface of the blade, and passes out on its way
to the next row of guide-blades at an angle of exit Q,

M) Fig. 443.

When, however, the velocity of the wheel is considered, the direc-

tion of the steam entering the next row of guide-blades is that given

by making an angle with the plane of the wheel. This line

should be parallel to the tangent to the entering surface of the fixed

guide-blades.

Fig. 444 shows how steam at a high velocity, (!A, and with a

turbine speed AD or EF, may be employed to act upon a series of

Fig. 444.

successive turbine wheels and guide-blades so as to absorb the

kinetic energy of the steam by stages, in other words, to compound
the velocity and deliver the steam finally at a much reduced velocity,

IIS: CD = DE, I)V = FG, and so on. It will be noticed that the

entrance and exit angles of the blade surface are approximately tangent

to the entrance and exit angles of the steam.
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Impulse Turbines.

The impulse type of turbine may be subdivided into four classes

:

(a) simple pressure, (5) pressure compounded, (c) velocity compounded,
(ri) combination of pressure and velocity compounded.
The simple pressure type is illustrated by the De Laval turbine. In

this turbine the whole of the velocity due to the total pressure fall of

the steam is taken on a single wheel.

The pressure compounded type is illustrated by the Rateau type

(see the drum portion of Fig. 452). In this type the total pressure

fall of the steam is not taken on a single wheel, but proceeds by small

stages of pressure
;
thus there is a small fall of pressure in the first

series of nozzles, and the velocity genera>ted thereby is absorbed by
the wheel immediately following, A further step in pressure fall is

taken in the next series of nozzles, which again acts on a succeeding

wheel, and so on until the total range of pressure fall is utilized. The
comparatively small fall of pressure at each stage secures a relatively

small velocity of the steam, and a correspondingly low peripheral

velocity of the turbine.

The velocity compounded type consists of a single complete fall

(Fig. 444) of pressure in the nozzle with its accompanying velocity

energy generated, acting successively upon two or more wheels, the

energy of the steam being absorbed step by step by these succeeding

rows of blades, without, however, any further fall of pressure. Guide
blades are, of course, placed between each succeeding row of moving
blades to suitably direct the steam from one wheel to the next. If,

say, four rows of moving blades are used, the velocity of the wheel
may be reduced to about one-fourth the velocity of the single row type.

The combination of pressure and velocity compounded is illustrated by
the Curtis type of turbine. The pressure fall is divided into several

stages, and each stage is velocity compounded, that is, takes up the

velocity by passing successively through two or more rows of blades

without fall of pressure.

The De Laval Steam Turbine.

This turbine was introduced in its present form by Dr. De Laval
about 1889, and it is used generally for small powers varying from
5 H.P. to 400 H.P. It consists of a single turbine wheel mounted
on a flexible spindle, the bearings on each side of the wheel being
some distance apart. The wheel is driven by steam projected on to

its blades at a velocity of from 3000 to 4000 ft. per second through
nozzles, the exhaust from the vanes flowing at a much reduced

velocity into the air or into a condenser, the kinetic energy of the

steam being converted into kinetic energy of the wheel.

The revolutions of the turbine wheel vary from 30,000 revs, per

minute for a small 5-H.P. turbine, with a wheel diameter to centre

of blades of 4 ins., and a peripheral speed of 515 ft. per second,

to 10,600 revs, per minute for a 300-H.P. turbine, with a wheel
diameter of 30 ins. and a peripheral speed of 1378 ft. per second.
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Owing to the extremely high speed of this turbine spindle, a pinion

is mounted on its outer end, gearing into a very carefully made,
machine-cut, double helical wheel giving a reducing speed ratio of

10 to 1. The driving-pulley which is fixed on the wheel axis thus
runs at one-tenth the speed of the turbine spindle (see Fig. 446).

It is found to be impossible to perfectly balance a wheel rotating

at so high a speed, but the difficulty of excessive vibration was
overcome by constructing a flexible turbine spindle with a self-

Aligning bearing, by means of which the wheel is enabled to rotate

about its own centre of mass.

There are vibrations with such an arrangement which increase with

Fig. ^Y)a.—De Laval Wheel and
Nozzles.

Fig. 445b. --Se(jti()N of De Laval
Nozzle.

the number of revolutions of the wheel. At a certain speed called

the “ critical speed ”
the vibrations reach a maximum beyond which

the shaft takes up a new centre of rotation and the vibrations dis-

appear, a phenomenon known as the ‘‘ settling ” of the wheel. In the

De Laval turbine the critical speed is one-sixth to one-eighth the

standard number of revolutions of the wheel.^

On account of the very high speed of the shaft its diameter is very

siiiall, and it is therefore easy to make it flexible. The shaft of a

150 H.P. De Laval turbine is only 1 in. in diameter. A feature of

this turbine is that the* steam is expanded to the full in the nozzle

before entering the turbine.

The shape of the nozzle employed is divergent (see Figs. 445a and
445b) and consists of three parts, namely : (1) The throat at the admis-

sion end of the nozzle, which is or may be looked upon as the extremity

of a convergent nozzle preceding it, and where the pressure of the

steam approaches its critical value
; (2) a divergent part, in which the

steam expands to its terminal pressure
; (3) a parallel part, in which

the steam-particles are directed in parallel lines upon the vgmes : this

part is preferably made rectangular and of suitable dimensions to

^ See lecture by Mr. Andersson, issued by Messrs. Greenwood & Batley, Leeds.



A, Stoiira stop valve ; B. steam chest cover; C, steam sieve; P, governor valve or

throttle valve; E, steam chest; F. turbine wheel ; G, shaft for belt pulley;

H, pinion; J, pearing wheel; L, flexible shaft; M, belt pulley ; N, exhaust

outlet; O, cover for exhaust chamber; P. ball hearings; B. exhaust chamber

;

S, tightening bearings ; T, gear case ; U, sight fec^d lubricators ; V. dram cock

for steam cliost; X, centrifugal governor; Y, safety bearing ;
Z, ditto; A,

isolating plate.

Fia. 446.—Section of De Laval Steam Tukbine.
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efficiently direct the steam on to the vanes. The quantity of steam

((((((((({(((((

Fig. 447.—De Laval Nozzle and BHUTTiNG-oFr Valve.

that will be delivered in the unit of time depends upon the area of

the smallest transverse section of the nozzle.

Turbine.

the wheel by passing the steam

Steam is admitted to the turbine

by a num)>er of nozzles set at an
angle of 20' with the plane of the

wheel (see Figs. 445 and 447J, and
the steam-supply is regulated by
completely shutting ott‘ one or more
of the nozzles, leaving the others

wide open inste^ad of throttling all

the nozzles. The larger the machine
the larger the number of steam
nozzles supplied.

The steam pressure in the tur-

bine wheel-case is at all times
practically the pressure of the
exhaust. The eiliciency of the
turbine increases as the steam
pressure in the turbine - case de-

creases due to the reduced loss by
Iluid friction between the rotating

wheel and the surrounding steam
at the lower pressure, which is an
additional reason for working the
turbine condensing.

The Curtis Turbine.

This turbine is of the impulse ”

type, receiving steam of high ve-
locity from the nozzle, as in the
case of the De Laval turbine, but
utilizing it in such a way as to
reduce the peripheral velocity of

through a number of wheels in
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succession, while obtaining a high thermal efficiency by delivering the

steam to exhaust at a low terminal velocity.

This design of turbine differs from other designs in having a vertical

spindle with turbine wheels rotating in horizontal planes (Fig. 448).

In this figure the upper portion is the electric generator, the middle

portion is the steam turbine, and the lower portion is the condenser.

The turbine wheels may be two, three, four, or more in number, each

wheel being separated from its neighbour by a fixed diaphragm with
accompanying nozzles in each diaphragm, and with rings of stationary

blades attached to the outer cylinder to alternate suitably with the

blades of the respective wheels.

The process then consists first of expansion of the steam through
nozzles, and then the subsequent abstraction of a portion of the

velocity of the steam by impulse upon the first turbine wheel. This

constitutes the first “ stage. To further utilize the energy of the

steam, this process is repeated through two, three, or more stages
”

or expansions
;
thus in Fig. 449, which shows the nozzles and Jolades

for a two-stage turbine, it will be seen that the steam flowing from
the first-stage wheel AA passes through the nozzles in the diaphragm
below it, expands as before, and gives up more of its energy to the

second-stage wheel 1313 below it, and so on until the available energy

of the steam is utilized.

Each wheel of the Curtis turbine is fitted with two, and sometimes

ST&AM CHEST

NOZZLE

MOVING BLAOCS

STATIONARY BLADES

MOVING BLADES t)I)I)I)b])t)D

ccccccccccccccccc

I I I

MOVING BLADES,

ccccccccccccccccccctSTATIONARY BLADES

MoviNfi BLAocs 111)11
Fig. 441).—Cuims Turbine Two-stage Wheels.

three, rows of buckets. In Fig. 449 two rows of buckets are shown
on each wheel rim at AA and BB.
The number of stages or sets of moving and stationary blades

employed depends upon the degree of expansion, and upon the

peripheral velocity required. The greater the range of pressure to

be worked through and the lower the peripheral speed the larger the
number of stages necessary.

The governing is effected by closing successive nozzles of the first-

stage wheel, and thus decreasing the number of nozzles in action

Fig. 449 shows three nozzles closed and two open.
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The speed of rotation of a 2000-K.W. Curtis turbine is 1000
revolutions per minute.

The footstep bearing, which carries the whole of the weight of the

rotating parts, consists of two circular bearing blocks, one of which
rotates with the shaft, and the other is fixed to the base. Water is

used as a lubricant, and is forced through a hole in the stationary

bearing between the two surfaces from the centre outwards in a thin

film. From the foot-step bearing the water passes upwards and
lubricates a guide-bearing immediately above it, from whence it

passes to the condenser. A force pump supplies water to this bearing

at a pressure of about 100 lbs. per square inch.

Reaction Turbines.

A very early form of practical turbine ( about 1730) was that known
as Barker^s Mill (see Fig. 449a). It is a machine which rotates by the

Fig. 11‘Ja.

reaction of two streams of water projected from nozzles in the arms
tangentially to the circle of rotation of the arms.

‘ Fig. 449b is a modification of the same arrangement.

The Parsons Steam Turbine.

This form of turbine was introduced by the Hon. Chas. A. Parsons
in the year 1(S84, and it consists of a long cylindrical steel drum
ODE (Fig. 450), the diameter of which increases })y steps from the
high-pressure end to the low-pressure end. The drum is mounted on
a shaft which runs in two main bearings, and the whole is surrounded
by a fixed cast-iron cylindrical case. The outer diameter of the drum
is less than the inner diameter of the case, and in the annular space
thus provided are the blades by means of which the steam drives the
turbine.
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1

The blades on the revolving drum are arranged in rings projecting

>utwards, like bristles, from the surface of the drum, and in planes at

right angles to the shaft. A space is provided between each row of
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revolving blades for an alternating row of fixed blades projecting

inward radially from the inner side of the cylindrical case, and
forming rings of guide-blades, each ring of revolving blades being
provided with its ring of fixed guide-blades. The steam enters the
annular chamber A at the small end of the turbine by the double-
beat valve K, and expands through the rings of alternating guide-

blades and rotating blades, finally exhausting by the chamber B to
the air or to a condenser.

The total fall of pressure from the first to the last ring of blades

is divided up between the number of pairs of rings, each pair, namely,

one ring of guide-blades and one ring of rotating blades, constituting

practically a separate turbine working through a small range of steam
pressure.

The steam passes first through a ring of fixed guide-blades, and is

then projected in a rotational direction against the succeeding ring of

moving blades. In flowing through the guide-blades the pressure falls,

and the steam acquires a velocity proportional to the fall of pressure.

By the impulse of the steam suitably guided to the rotating blades

work is done upon the blades, and the rotation of the turbine is

accelerated.

In passing through the moving blades the current of steam is

diverted (owing to the shape of the blade) in a direction more or

less directly opposite to the line of motion of the moving blade, and
this produces a reaction effect upon the wheel in addition to the force

due to the initial impulse of the steam. The steam, on leaving the

moving blades, enters the next ring of fixed guide-blades, from which,

owing to the sh^pe of these blades, it is diverted in a rotational direction

upon the next ring of moving blades, and so on. The increased area

of passages required as the pressure falls and the volume of the steam
increases is obtained by increasing the length of the blades. When
the length of the blade has reached the desired limit the diameter of

the turbine is increased, as at D and E (Eig. 450).

The I’eaction effect above referred to is more or less common to all

types of turbines. The Parsons turbine, however, receives the name
of a Ileaction Turbine as a consequence of the fact that part of its

kinetic energy is generated in the steam durimj its pamtcje through the

wheels and the reaction effect of this accelerated velocity of the steam
acts as it leaves the wheel in a direction opposite to that in which the

wheel is moving.

Thus, referring to Fig. 450a, suppose the steam to be leaving the

lower edge of the guide-blades, as at C, with velocity and direction V,,

;

then if V, be the velocity and direction of the wheel-blades, is the

velocity and direction of the steam, relative to the wheel-blades, which
is entering the wheel passages at A.

During the flow of steam through the space between the wheel-

blades A to B, the steam expands owing to the difference of pressure

on the two sides of the wheel, and increases in velocity from its

velocity, relative to the blades, on entry at A, to some velocity on
leaving. The difference V<, — represents the increased velocity
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acquired by the steam in its passage through the wheel, and the

reaction effect due to this increased velocity accelerates the speed of

rotation of the wheel.

On leaving tlie wheel at B, the steam passes to the next row of

guide-blades
;
but its velocity V,., which it had relatively to the wheel,

will now become V,, in magnitude and direction on entering the

stationary guide - blades, as seen by constructing the diagram of

velocities.

A similar acceleration of velocity of the steam occurs while passing

through the guide-blades as occurs while passing through the wheel-

blades.

When the angles of the blades at the entering and leaving edges are

the same for both guide-blades and wheel-bJades, which is usually the

GUIDE BLADES

H' VJJPJ ',Vv
1

WHEEL BLADES

Fig. 450a.

case, the velocities of the steam on entering and leaving the guide-

blades are equal to the corresponding relative velocities of the steam
entering or leaving the wheel-blades.

The diagrams of velocities may be combined, as shown at the left-

hand end of Fig. 4r)0A. EFG is the triangle of velocities of the steam
leaving the guide-blades and entering the wheel-blades, and FHG for

the steam leaving the wheel-blades and entering the guide-blades.

Reaction and Impulse Turbines.

The following is a summary of the differences between the two
types

The Impulse Turbine .— 1. In this type the whole of the intended

fall of pressure of the steam takes place in the nozzle itself before the

steam reaches the wheel.

2. There is no difference of pressure in the two sides of the impulse
wheel.

The Meaction Turbine.— 1. Part of the transformation of pressure

energy to kinetic energy takes place within the wheel itself.
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2. There is a difference of pressure and velocity of the steam between
the inlet and outlet ends of the blades, the pressure falling and the

velocity increasing as the steam passes through the spaces between
the blades. The reaction turbine is so named because of the reaction

effect created by the accelerated velocity generated within the wheel
itself, as distinguished from velocity generated externally to the wheel.

3. There is a loss due to leakage of the steam through the clearance

spaces between the wheel (rotor) and the case (stator), due to the
difference of pressure on the two sides of the wheel. This difference

of pressure on the two sides of the wheel not existing in the case of

the impulse wheel, the loss in the impulse type through clearance is

negligible.

In the previous cases friction of the steam in the passages has been
neglected. In Fig. 450b, if 13F be the theoretical relative velocity of the

steam leaving the wheel-blades, and B H.

the actual relative velocity, FH being

the loss due to friction, then the steam
passes to the next row of blades with a

velocity and direction equal to BK in-

stead of BG, HK being equal to FG, the

velocity of the wheel-blades.

It will be obvious that the velocity

of the steam passing forward through
any transverse section of the turbine

must be such that BN (Fig. 450b) drawn parallel to the axis of the

turbine is not less than the velocity necessary to pass, at that section,

the weight of steam per second required to generate the estimated

power of the turbine.

The cross-sectional area of the exit end of any given row of blades

is equal to the width of opening B (Fig. 450a) multiplied by the

number of such openings in the periphery of the wheel at that section,

and by the width of the annular steam space at the section.

Thus if W = weight of steam per sec. to Ixj passed through the

turbine to generate the required power, V = cubic feet of steam per

lb., S = velocity of the steam in feet per sec., and A = net cross-

sectional area of passage in square feet
;
then

—

B

and

WV = AS

s =
WV
A

In Fig. 450b BN must not be less than S as given in the above
equation.

Example,—A lOOO H.P. turbine using 18 lbs. of steam per hour per
horse-power has a net annular steam space between the blades of

50 sq. ins. at a point where the steam passes the cross-section at a
pressure of 60 lbs. per sq. in. Find the velocity of the steam in the
direction of the axis of the turbine in order to pass the weight of

steam required. (Specific volume of steam at 60 lbs. absolute pressure
= 7 cubic ft. per lb.)
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Then

—

o wv ^

_ 1^0 X 18 X 7 X 144

60 X 60 X 50
ft. per sec.

= 100*8 ft. per sec.

To maintain this velocity approximately constant throughout the

whole range of guide- and wheel-blades, there must be an approxi-

mately constant ratio between the volume of the steam at any given

cross-section at which the pressure is known and the cross-sectional

area of the passage through which the steam at the given pressure is

passing.

The blades vary in length according to the size of the turbine, from

I in. or less at the high-pressure end to 6 ins. or more in length at

the low-pressure end, and are made from rolled sheet brass strips

having a more or less crescent-shaped cross-section. The longer blades

are stiffened by shrouding. The blades are fixed in dovetailed grooves

in the drum, with distance pieces between them, the whole being

caulked in position.

Clearance.—When in position the rings of blades on the case nearly

touch the surface of the revolving drum, and the projecting blades

from the drum nearly touch the internal surface of the case. These
clearance spaces are left as small as possible, varying from 0 015 at

the small end to 0*025 at the large end for small turbines, while for

large turbines (say 5000 K.W.) the clearance varies from 0*035 at the

small end to from 0*05 to 0*06 at the large end.

The proportion of steam loss due to radial clearance leakage in-

creases at low peripheral speeds.

Fine radial clearances are essential to steam efficiency. They add,

however, to the danger of friction between the blade and the surface

of the drum or cylinder, and hence to the stripping of blades, especially

in cases where the turbine spindle is not sufficiently stiff to prevent
sagging, or is imperfectly balanced, causing a whipping action of the

spindle
; or where there is cylinder distortion due to unequal

expansion.

At the left end of the spindle (Fig. 450) are grooved pistons or

dummies, F, G, H, equal in number to the number of steps in the

drum. The object of these pistons is to prevent end thrust, due to

difference of steam pressure on the two sides of the rotating blades,

by setting up equal and opposite axial pressures against the faces

of the dummies. The steam acts upon these end pistons through
passages cast in the body of the cylinder as shown.
To make these pistons steam-tight, and at the same time to avoid

friction, rectangular grooves are turned on the pistons, and in the

grooves rectangular rings are fitted, but without touching the surface

of the cylinder, the joint being rendered steam-tight by the centrifugal

action of the steam in the neighbourhood of the pistons. A similar
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packing is fitted at the stuflSng boxes where the shaft projects from
the turbine cylinder.

A thrust bearing is provided at the end of the turbine shaft to

prevent contact between the rotating and stationary parts of the

turbine, and to provide means of adjusting tlie clearance between
these parts.

Admission of steam to the turbine occurs in a series of gusts by
the periodic opening and closing of the double-beat valve K (Fig. 451).

This valve is controlled by means of a steam relay, which is kept

working continuously by mechanical connection with the turbine

shaft, giving it an up-and-down pulsating movement at the rate of

about three strokes per second.

Fig. 451 shows in detail the action of the governing gear and relay

valve as constructed by Messrs. Brown Boveri.^ On opening the main

stop valve E, steam enters the valve chamber, and is admitted to the

turbine when the double-beat valve K opens, which it does inter-

mittently by the following means. The spindle of the valve projects

upwards through a spring chamber or cylinder, and the spindle carries

a small piston which is enclosed in this cylinder, and which is held

in its lowest position by the spring. In the bottom of the cylinder

there is a small hole, O, regulated by a small adjusting valve through

which the steam flows continuously into the cylinder below the piston

B when the stop valve E is open. The steam under the piston lifts

the double-beat valve K and admits steam to the turbine. This

' See a paper by Will Rung and A, E. Schoder, Engimer (American), January 1,

1903 .

'
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accounts for the upward movement of the valve, but the intermittent

upward and downward movement is obtained by providing another
and larger opening, D, which acts as an exhaust port. This port is

alternately opened and closed by means of a small piston valve, G,
which receives a regular periodic up-and-down movement from the

eccentric cam C. When tlie exhaust port is closed, the piston B rises

and the double-beat valve K lifts
;
when the exhaust port opens the

steam escapes, and the piston falls by the action of the powerful spring,

and the valve K closes.

The number of alternate openings and closings of the exhaust port,

and therefore the number of gusts of steam supplied to the turbine,

is determined by the rotations of the governor, from the spindle of

which the movement of the small valve G is obtainedo

The governor regulates the speed of the turbine as follows : When
the speed increases above the normal, the action of the governor raises

the small valve G above its mid position, giving an earlier and fuller

opening to exhaust, and therefore a shorter period of timo of opening
and a more restricted lift for the double-beat valve.

Conversely, when the speed falls below the normal, the relay valve

opens later, and the double beat has a wider opening. At full load the

steam-gusts merge into an almost continuous flow.

The steam which escapes from the exhaust port of the relay valve

is passed by means of pipes to the main bearing glands of the turbine,

thereby acting as a steam packing and preventing leakage of air into

the turbine. The constant movement of the parts tends to keep the

governor gear free and sensitive.

Bearings.—The form of shaft-bearing employed consists of a gun-
metal bush, which is prevented from turning by a loose-fitting dowei.

The bush is surrounded by three concentric tubes, fitting easily within
each other. The annular space between the tubes is filled with oil, which
damps all vibrations, and the bearing is practically self-centering.

The Disc-Drum Turbine.

With a view to increasing the speeds of rotation for electric

generators, and thereby reducing weight of plant and cost of construc-

tion per kilowatt, combinations of the previous types of turbines have
been adopted, consisting of a single impulse wheel of the Curtis type

for the high-pressure end combined with either a reaction turbine of

the Parsons pattern, or a series of wheels of the Bateau type, for the

low-pressure end.

Some advantages of this combination are
: (1) loss by leakage past

the short blades, owing to the ratio of blade length to clearance being

large at that end, is avoided
; (2) the pressure and temperature of the

steam entering the turbine from the nozzle on a single-impulse wheel

are less than in the case of the reaction turbine, and there is therefore

less tendency to distortion of the turbine casing
j

this is particularly

2 ^
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important where superheated steam is employed
;
and (3) the length

of the turbine shaft is reduced.

In the Westinghouse high-pressure impulse turbine, Fig. 452,^ the

steam is expanded in the nozzles C before entering the turbine and the

velocity produced is absorbed in a two-stage velocity wheel M of the

Fig. 452.

Curtis type. Three nozzles are fitted, one nozzle only is used up to

half load
;
two nozzles from half to full load, or when working non-

condensing
;
and three nozzles for overload.

The steam next passes through a series of nozzle-pierced diaphragms
and wheels alternately (Rateau type). The taper webbed steel

* Kindly supplied by the British Westinghouse Co,
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wheels shown dark in section are forced on the stepped shaft and fixed

by keys.

The diaphragms dividing the wheel chambers are in halves to allow

of easy inspection of the glands at the shaft.

Tlie pressure on the two sides of the wheels is the same, so that there

is no tendency for steam to leak past the wheels.

There is, however, a difference of pressure on the two sides of the

diaphragms and a tendency for leakage to take place between the shaft

and the surface of the bole in the diaphragm through which it passes.

Leakage is reduced to a minimum by providing this opening in the

diaphragm with special glands, which may touch the wheel and wear
down slightly, thus giving a minimum clearance.

A labyrinth gland and water gland prevent leakage of steam
past the shaft at the high-pressure end, and a water gland at the low-

pressure end.

The pressure on the two sides of the wheel being the same, no
balance pistons are required, as there should be no end thrust.

Lahfriiith Glands .—The hiakage of steam through turbine glands

where ordinary steam-tight packing cannot be adopted is prevented,

or reduced to a minimum, by the adoption of

what is known as Labyrinth Packing. This type

of packing is represented by Pig. 453, which
illustrates different forms of its application. The
rotating rings do not actually touch the surface,

but the clearance between the surface and the

rings is made as small as possible so as to reduce

the leakage to a minimum. The steam seeking to

escape has first to pass through a long series of

these clearance spaces, at each one of which it is

throttled or wire-drawn, and this form of gland

has proved very effective for its purpose. The
lower figure is a further improvement in this

form of packing, which is the form adopted in

the Brush-Parsons turbine. Its special feature

is that the steam is wire-drawn at two points

in each of the grooves in place of one point only,

as with the usual form of packing.

Exhaust Steam Turbines.

Steam turbines are much more efficient in the use of low-pressure

steam than reciprocating engines. The steam can be expanded with
advantage to a lower pressure in a turbine, as the very large

volume of the steam at low pressures can be more easily dealt with
by turbine blades than in the cylinders of reciprocating engines, which
would require to be inordinately large. The possible work to be
obtained by expanding 1 lb. of dry steam in a piston engine from
14*7 lbs. pressure to, say, 9 lbs. pressure and exhausting at 3 lbs.

pressure, is shown by the area ahcde on the < — diagram (Fig. 464).
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The possible work to be obtained per pound of steam in a steam turbine
by expanding from 14*7 lbs. pressure to ^ lb. pressure is shown by the

area (thfg. The extra work to be obtained per pound of steam by
exhausting at ^ lb, pressure in the piston enginO, is shown by the area

edgli^ and this amount is not worth the extra cost required to obtain it.

The extra work to be obtained per pound of steam in a turbine by

increasing the degree of vacuum in a condenser is shown in Fig. 456,
where the cross-lined area represents the extra work-area added as the
final pressure is reduced by successive half-pound increments. Fig. 456
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shows similarly the extra work to be obtained by similar reductions of

back pressure in the piston engine.

These areas may be measured to find the numerical value of the

work done in each case.

The high efficiency of turbines using low-pressure steam has led to

the introduction of a class of turbine specially designed to utilize the

exhaust steam from non-condensing engines. In many cases the low-

pressure cylinder of condensing engines has been abandoned and an
exhaust-steam turbine substituted in its place.

In ships of moderate speed reciprocating engines using high-pressure

steam have been combined with low-pressure or exhaust turbines.

The general arrangement is to have three main lines of shafting each

driving an independent propeller
;
the centre shaft being driven by the

turbine and the two side shafts by reciprocating engines. The economy
obtained is about 12 per cent, higher than would be the case if recipro-

cating engines only were used.

Heat Accumulator ,—Where the supply of exhaust steam from re-

ciprocating engines is intermittent, as in rolling mill engines, etc.,

the supply of steam to the turbine may be rendered more uniform by
passing the exhaust steam into a regenerator or heat accumulator on its

way to the turbine. The heat accumulator is practically a large tank
containing water into which the exhaust steam passes. The tempera-

ture of the exhaust steam is about 212° F., and it raises the water
approximately to this temperature. When there is a deficiency of

exhaust steam, the heat contained in this large volume of hot water

in the accumulator supplies additional steam at some pressure below
that due to its own initial temperature, sufficient in quantity to main-
tain the speed df the turbine until a fresh supply of exhaust from the

engine is available. If too much exhaust steam is supplied at any one
time for the size of the accumulator, then the surplus is blown into the

atmosphere through a relief valve. If the supply of exhaust steam is

insufficient to maintain the pressure and temperature in the accumu-
lator, then a supplementary high-pressure steam supply from the

boiler is passed through a reducing valve to make up the deficiency.

The use of dummies can be avoided in turbines using high-pressure

steam by admitting steam at the centre of the turbine and allowing it to

flow both ways. Such a double flow arrangement has been used, but the

leakage past the blade tips is nearly doubled, and this form of turbine

with high-pressure steam is abandoned. The double flow arrangement
is, however, used with much success for exhaust steam turbines.

Temperature-Entropy Diagram.—The temperature-entropy diagram,
Fig. 457, may be used for determining the work done by the steam, the
dryness, and thevolume of the steam after expansion in the steam turbine.
The ideal expansion curve in a steam turbine would be adiabatic,

and would be represented on the / — ^ diagram by a vertical line AB.
The area ABCD represents the heat converted into kinetic energy
per pound of steam in an ideal turbine. In an actual turbine the
velocity acquired by the steam is reduced owing to the friction between
the steam and the surfaces of the containing channels^ and some of
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the energy is also wasted in eddies. The result is that the kinetic

energy available for useful work is less than that shown by the area

. AliCI) by the amount of the kinetic energy reconverted into heat.

The effect of this liberated heat is that the actual expansion curve

follows more nearly a line AE to the right of Alb The dryness of

the steam after adiabatic expansion would be represented by the ratio

CB OE
;
the actual dryness is which shows that the steam is drier in

Cxi

the latter case. The additional heat carried away l^y the steam to

exhaust is shown by the area BEEG. The amount of heat therefore

converted into work is given by the area I)ABC — FBEG.
The Mollier Diagram.—A new form of diagram introduced by Dr.

Mollier is of great value and convenience in solving heat problems con-

nected with the steam turbine (see Folding Chart at end of book).

In this diagram total heat and entropy H — are used as the co-ordi-

Fio. 457. Fig. 458.

nates instead of temperature and entropy as in the T — </> diagram.

'Fig. 458 illustrates the general features of the diagram, and the figures

which follow illustrate its use for practical purposes. Adiabatic

expansion is represented by vertical lines. There are also drawn
upon it lines of constant steam quality, as to dryness or superheat,

as well as lines of constant pressure. The following examples illustrate

its use in solving problems connected with the expansion of steam.

Example 1.—Steam having a superheat of 150° F. expands adiaba-

tically from 160 lbs. to H lbs
.

;

find the dryness of the steam after

expansion and the heat units lost per pound of steam.

To find the state point of the steam before expansion trace the 1 60
lbs. pressure line until it meets the 150° superheat line at A (Pig.

459). As the expansion is adiabatic, it will be represented by the

vertical line AB. The final state of the steam is shown at B where
the adiabatic expansion line meets the IJ lbs. pressure line

;
the
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dryness is 0*84. The loss of heat is represented by the length of the
line AB. This length can be scaled off on the total heat scale; it

is 329 B.Th,U. (see

Folding Chart for

scales).

Example 2.

—

Steam at 200 lbs.

pressure and dryness
0*99 is throttled to

50 lbs. pressure
;
iind

the quality of the

steam as to dryness

and superheat.

The state point of

the steam before H
throttling is found ^

by tracing the 200 J
lbs. pressure line «

until it meets the h
0*99 quality line at

C (Fig. 459). Since

no work is done the

total heat will bo
the same after throt-

tling. To iind the

new state of the
steam trace the hori-

zontal constant heat Fig. 459.

line through C until

it meets the 50 lbs. constant pr-essurc line at I>. Then D will be
the new state of the steam

;
the diagrain shows the steam to have 32°

of superheat.

Example 3.—Find the velocity attained by the steam in Example 1.

Measure the vertical line AB ( Fig. 459) assuming it to be drawn on
the standard Mollier chart Then by measuring off this length on the
velocity scale at the left-hand side of the chart the velocity of the
steam may be obtained. In this case it is 4065 feet per second.
The same result may be obtained from the formula

—

= 224V'B.TIlU.

= 224^3^ = 4065.

Reaction Turbine.

General Principles of Blading Design.—The calculations for the
blades of a Parsons turbine are not difficult from a theoretical point
of view. The limitations imposed by practical considerations, how-
ever, cause the actual calculations to be a little more complex. Thus
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the exact condition of the steam is not accurately known at all points

of its passage through the turbine, and certain assumptions as to its

condition are therefore necessary.

When a turbine is required for any purpose, the horse-power, suit-

able speed of rotation, boiler pressure, superheat, and probable vacuum
may be considered as known, and the first question to be determined

is the total weight of steam to be dealt with in the turbine.

Weight of steam to he deaU loitJi— Condition of the The
amount of heat per pound of steam turned into work by a perfect tur-

bine working between the given range of pressure and expanding adia-

batically between these pressures, is found most easily by the aid of tlie

Mollier diagram, by drawing a line starting from the known pressure

line, and at a position on that line depending on the quality of the

steam as to dryness or superheat, and producing it vertically to the

known final pressure line (see Fig. 460). The actual amount of this

heat which will be converted into work must be assumed from previous

experience of similar turbines, and may be taken to be represented by
the ratio of AC to AB. This efficiency ratio varies in practice from

55 per cent, to 75 per cent., which shows that in practice the expansion
of the steam does not follow the adiabatic law.

Assuming that the loss of efficiency has been due to leakage past the

tips of the blades, and friction and eddies of the steam during expan-
sion* then the whole of the initial heat in the steam which has not been
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converted into useful work must be present in the steam at exhaust
; in

other words AB — AC = BC = the unused heat present in the exhaust.

The condition of the steam after expansion may be found by following

the coQstant pressure line BD through B till it meets the total heat

line CD drawn through C. The point D shows the total heat and
dryness of the steam after expansion. The total heat after expansion

under practical conditions in the turbine is seen to be greater at the

final pressure than it would have been if the expansion had been adia-

batic' The state of the steam at points between A and D may be con-

sidered to lie on the line AD, but may actually lie above or below AD.
The more accurately the state of the steam is determined between A
and D as it passes through the turbine, the more accurately the pro-

portions of the blades and passages may be designed. Knowing the

work done in heat units per pound of steam from the diagram, it is a

simple calculation to determine the pounds of steam required per hour
for the given power.* The turbine passages are usually designed to

take a slightly larger quantity of steam than is required for full load.

The mean blade speeds of a Parsons turbine vary from 80 ft. per

second in the h.p. section of a marine turbine to 200 ft. per second

in the l.p, section. In turbines adapted for electrical work the velo-

cities are higher, varying from 100 to 170 ft. per second in the h.p,

section to 350 ft. or more in the l.p. section. In marine turbines

lower rotational speeds are necessary than in stationary practice, be-

cause the efficiency of the propeller falls off considerably as the speed

of rotation increases. On this account, namely the limitation of rota-

tional speed, the weight of marine turbines per unit of power is cor-

respondingly higher. The weight of turbines varies inversely as the

square of the revolutions approximately
;

hence high speeds, are

advisable where possible.

General Equations involved in Turbine Design.—The following

equations show the relations existing between the various factors

required for use in turbine design.

Let N = revolutions per minute of rotor;

D = mean diameter of blade circle in inches

;

Vx = velocity of blades in feet per second
;

= velocity of steam in feet per second.

Then

or

Vx =

D =

7rI)N__

12 X 60

12 X GOVx
ttN

229Vx

This equation shows that when the number of revolutions has been

fixed, the diameter of the turbine depends upon The larger is

made the larger the diameter of the turbine, and the shorter the blades

for a given power. The weight of the turbine rapidly increases with

the diameter, so that to save weight is required to be small.

A small Vj requires, however, a larger number of stages and an in-

creased length of turbine. The maximum Vj is limited by the stresses



426 STEAM-ENGINE THEORY AND PRACTICE.

produced by centrifugal force
;
the minimum is limited by the

increased cost of a long turbine.

The blade speed fixes the steam velocity Vg. A high steam velocity

with a given peripheral speed Vj gives more work per stage with fewer
stages and a shorter turbine.

V,
The ratio ^ ^ varies, but for turbines driving electrical generators is

generally taken = 0*6, and for marine turbines the ratio lies between
0*30 and 0*50 for the first row of guide blades.

Anrmlm Factor .—The area for the passage of the steam if the tur-

bine were free from the obstruction of the blades would be the annular
area between the rotor and the inside of the casing. Also, if the blades

permitted of the flow of the steam in a direction parallel to the axis of

the turbine, the axial velocity of the steam would be the same as the

steam velocity V. The height h of the blades would then be

—

h =

K- P ->;

Fig. 461.

W X volume of steam

ttD

The axial velocity is, however, only

V sin 0, where 0 is the inclination of the

vane at discharge. It is therefore neces-

sary to multiply the height h found above

by a factor called the annulus factor.

Let p = pitch of blades (Fig. 461) ;

6 =z outlet angle of blades

;

t = thickness of blades ;

b = width of passage
;

* D = mean diameter of row of blades in feet

;

h = height of blades in feet

;

'll = number of blades per row
;

ii = total volume of steam passing through the blades per second
;

V = velocity of steam.

Then

—

h = p sin 0 -- t

ttD
n =

V
- ttD

Total area of steam passage = — b .h

V

and u = N ttD
b.h

Substituting for b and transposing

h = up

7rI)V(p sin e -T)

The leakage past the tips of the blades has not been considered
;

this may be taken to balance the obstruction caused by the blade

thicknesses.
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Taking 0=19° 27' and omitting t, sin 0 = 5

_ “P

h. = 3m

^DV (2)

Also y = area through which the steam passes at a velocity V
;
and

ttDJi = annular area between the rotor and casing. Then equation (2)

shows that the annular area between the rotor and casing is about

three times the area required foi* the steam when 0 is about 20'^. This

ratio or annulus factor varies for different thicknesses of blades and
different angles.

A common rule is to make the area of the annulus three times the

area required for the steam.

Number of Stages.—The number of stages may be determined by

finding the work done per stage from the velocity diagram, and assum-

ing the work done is the same in each stage the number of stages N is

—

total work
rrr

work per stage

Experience is again useful in fixing upon a suitable number of

stages, and the following empirical formula covers average practice :

—

NVx" = constant

The constant varies from 2,200,000 to 2,600,000 for electrical tur-

bines, and from 1,400,000 to 1,600,000 for marine turbines.

The greater the blade velocity the less the number of rows of

blades.

The theoretical basis

of this formula may be
shown as follows :

—

Let Pig. 462 repre-

sent the velocity dia-

gram for one stage of a

reaction turbine.

V is the absolute ve-

locity of the steam enter-

ing the turbine
;

is

the blade velocity. Then
V,, is the relative velocity

of the steam with regard

to the blade, and /3 is

the correct angle for

the blade so that the

steam may pass to the 4(j2.

blade without shock.

The relative velocity of the steam on leaving the blade is V and is

greater than the relative velocity of the steam on entering, owing
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to the velocity developed in the moving blades. It is assumed that

the velocity of the steam leaving a row of blades is not destroyed but

is available in the succeeding row of blades.

Considering the kinetic energy of the steam before entering the

blades and the kinetic energy on leaving the blades, the work done will

be the diflerence between them, that is, work done per pound of steam
is—

Lefc V = cV^, where c is a constant.

Then from pure geometry

—

V“ = V,; + V,“ + 2V,V„ cos fi

and - V/ = V/ + 2VtV„ cos (3

= V..- +'2Vt(V cos $ - Vt)
= V/ + 2V,(cV^ cos e - Vt)

Work per stage including wheel blade and guide blade

_ ^
- \V _ 2V/(2c cos 61 - 1) _ V/(2c cos -

1

)

“
2g g

By using the last expression for the work done per stage, a formula

may be deduced showing the relation between Yj and the number of

stages.

Let 6 - 20°

c

work per stage

1= = 1-666
V _
Vt ~ 0-6

V/(2 X 1-066

32-2
1 ) = Vt' X 0-06624

Let U = the heat units actually converted into work from the stop

valve to the condenser.

N = number of stages.

Then NYt- x 0 06624 = U x 778.

Assuming an average value for U of 200 B.Th.U.

^ „2_3oO_X_778
’ “ (>066--i4

NV/ = 2,348,000 (1)

The constant varies with the ratio of^ with 6 and with U.

The formula gives the number of stages, assuming a constant velocity

Yj throughout the turbine. is not constant except over a short

length, but by considering any given fall of total heat over the length

where is approximately constant, the number of stages in this

length may be determined. This method is useful as a first

approximation.

Example.

—

Assuming ^ of the work is done in the h.p, portion of

th^e turbine and using formula (1)

—

NVx" = 2,348,000



THE STEAM TURBINE, 429

Let Vt = 140

then N = =: 39*9 (say 40 stages)
3 X 140 X 140 ^ ^ ^ ^

Example of Blading Design, Parsons Type Turbine.—The design
of a reaction steam turbine may be illustrated by the following
example. Suppose a marine turbine is required of 12,000 H.P.
Dry saturated steam is to be used having an initial pressure of 160
lbs. per square inch. The condenser pressure is to be 1 lb. A
number of arbitrary assumptions are made which are based on past

experience with similar turbines. Assume the revolutions to be
340 per minute and the peripheral velocity at the high-pressure

end to be 100 ft. per second. Assume = 0*4, also an efficiency

ratio of 65 per cent. Suppose 13*5 lbs. of steam are required per

hour per horse-power and that 0*5 lb. leak past the dummies per hour
per horse-power, then the amount of steam passing through the turbine

is 1 3 lbs. per hour per horse-power.

Heat converted into Work in the Turbine.—The amount of heat
converted into work, if the expansion is adiabatic, may be obtained

£ntrop>

Fig. 463.

either from the H —
<jf) diagram or the < — diagram. Using the

H — diagram (Fig. 463), the vertical line AB drawn from the initial

pressure 160 lbs. to the final pressure of 1 Ib. represents the heat

converted into work when the expansion is adiabatic. From the
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diagram AB = 322 B.Th.U. Assume an efficiency ratio of 65 per

cent, and make AC = 65 per cent, of AB. Draw CD to meet the

1 lb. pressure line through B at D. Then D is the state of the

steam at the end of the expansion, the numerical vulue of which is

seen by reference to the scale of the lines of constant quality and
total heat. A straight line joining A and D will represent approxi-

mately the state of the steam during expansion.

Division of the Work between H.P. and L.P. Drums.—For equal
work in the high-})ressure and low-pressure turbine bisect AC in E
and draw EF horizontally to meet AD in F. Then the pressure and
dryness of the steam on leaving the high-pressure turbine are shown
at F.

A usual arrangement is to have seven expansions in the h.p.

turbine and five expansions in the l.p. turbine. Allowing equal heat
drop in each expansion, AE may be divided into seven divisions and
EC into five divisions. The pressure and dryness of the steam at

each stage may be determined by drawing horizontal lines to meet
the assumed expansion line AD.

Peripheral Dimensions of the H.P. Drum.— The velocity of the

steam .entering the first expansion is =r

V,
0*4

100
^•4

250 ft. per

second.

The mean diameter of the blades in the first expansion (sec p. 425)

_ Vt X 229 _ 100 X 229

340 340
= 67*35 inches.

The weight of steam passing through the turbine per second

12,000 X 13

60 x"60“
43rj j)oun(ls.

The volume of 1 lb. of steam at 160 lbs. pressure = 2*834 cubic

feet.

Therefore total volume entering the first expansion = 43~ X 2*834

= 122*8 cubic feet per second.

Let li = height of blade in feet
;
annulus factor = 3 :

3 X }22
*8 X 12

TT X 67*35 X 250
= 0 08354 ft. or 1*00 in.

The diameter of the h.p. drum is 67*35 — 1 = 66*35 in.

The blade height In the last expansion of the h.p. turbine is not

so easily obtained, as the mean diameter of the blades is unknown
until the blade height is determined.

The area of the annulus = irDh.

Let W = weight of steam per second
;

v = volume of steam in

cubic feet per pound ;
= steam velocity

;
annulus factor = 3.

Then area required for annulus

—

_Wv
“ V,

X 3 X 0*4

V, U XTwhere N = revs, per min.
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/. 7rT)h

jyh =

Wv X 60 X 0*4 x^
ttUN

Wv X 72

ttN
iV, X 72

TT" X »340
XV — 0’92d^v

If D and h are in inches D‘“//. = 0*9298 x 1728^; = 1606?;.

The mean diameter of the blade heights may also be written

D = 66*35 h, where h is not yet known.
The volume v at the beginning of the last expansion is 18 cubic

feet.

D‘“A= ir>0(> X 18 = 28,910
D = 66*35 + h.

From these equations D and h may be determined. An easy method
of doing this is to substitute two or three trial values of D. By
this method, D = 72*94 ins. and h = 5*59 ins. The blade heights

for the intermediate groups may be obtained in a similar manner by
substituting for v the volume at the beginning of each group. The
blade heights so obtained are given in column 8 of Table given below.

A common method of determining the intermediate blade heights

is to multiply the preceding blade height by a factor. The common

« .

1

/ blade height , i • mi.
factor = x/ f 1 i where ri = number ot expansions. IhoV last blade height

factor in this case with seven expansions =
5*59

Fdo
1*332. The

factor T332 is called the common ratio, and the blade heights

obtained by this method are given in column 7 of the Table. The
difference in sizes obtained by these two methods is very small, as will

be seen by comparing columns 7 and 8. The blade heights obtained

by the common factor will be the sizes adopted.

lIiGH-riJESsuitE Turbine.

No. of
expan-
sion.

Dryness of

steam at

beginning.

Volume per lb. Height of blades, h.

pressure ut

beginning.
Dry steam.

Actual
volume.

Mean diameter
of blades. By

common
factor.

By using
actual

volume.

1 IGO lOOO 2-881 2-884
inches.

07*85 1*00 1*00

2 ik; 0-880 8-848 3*81 (^08 1*88 1.88

8 88 0-880 5*28 5-17 08*12 1*77 1*78

4 58 0-871 7-28 7*07 08*71 2 80 2*40

5 42 0-802 10*02 8-04 08*50 :M5 8*20

0 80 0*854 18-74 18-10 70-55 4*20 4*28

7 21*2 0*847 18*00 18-00 71-84 5*58 5*58

The steam velocity at the beginning of the first expansion will be
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250 feet per second
;
the velocity at the end of this expansion will be

greater than this owing to the increased volume due to expansion.

The velocity will be proportional to the volume, as the blades are all

of the same height and have the same inclination. The volume of

1 lb. of steam at the end of the hrst expansion is 3*8 1 cubic feet

;

the volume at the beginning is 2*834 cubic feet. The velocity of the
3*81

steam at the end of the expansion will therefore be
2*834

X 250 336

feet per second. The mean peripheral velocity of the blades in the

second expansion will be slightly greater owing to the increased blade

heights. The mean diameter is 60*35 + T33 = 67*68 ins.

__ 67*68 X 340 , ^ ,

Vt = 2^9
“ 100*5 ft. per second

The steam velocity = = 251 ft. per second.

V
(Note : ratio - = 0*4.)

' s

By similar calculations the steam and blade velocities for the

remaining expansions are obtained as shown in Fig. 464.

Number of Stages.—The number of stages required in each ex-

pansion can bo determined by dividing the heat drop per expansion
by the work done per stage. A velocity diagram may be drawn for

each stage and the work done may be calculated. Instead of drawing
% velocity diagram for each sta^e separately, the arithmetical or the
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geometrical mean of the initial and finals velocities of each expansion
may be taken and will give a sufficiently accurate average result. The

arithmetical moan for the first expansion is = 293. The

geometrical mean is V 336 x =: 290. The difference between them
is small, but the geometrical mean is slightly more accurate and will

be used throughout.
Fig. 465 shows the average velocity diagram for the first expansion,

from which can be determined the relative velocity of steam, viz.

199 ft. per second.

The work done per pound per row = = 0*888 B.Th.U.

The work done per stage, consisting of one row of guide blades and
one row of moving blades, is 0 888 x 2 = 1*776 B.Th.U. The total

heat transformed into work in the turbine with an efficiency ratio of

0*65 = 322 X 0*65 = 2()9 B.Th.lL
If the work in the high- and low-pressure turbines is to be equal the

209
work done in the h.p. turbine = = 104*5 B.Th.U. The work

104*5
done in each of the seven expansions is —^— = 14*93 B.Th.U.

Assuming an average blade efficiency of 75 per cent, in the h.p.

turbine, then the number of stages in the first expansion

14*93
= 1776 X 0-075

=

Similarly the number of stages in the remaining expansions may be
obtained by drawing tlieir average velocity diagram. When the

number of stages is not a whole number, a slight adjustment must
be made in the various expansions. The calculated stages, and the

stages adopted are shown below.

No. of stages.

No. of expansion.

1

2

4
5

6

By calculation.

11*2

10 0.3

10*84
10*75

IO-.52

10-02

0*72

Stages adopted

11

11

11
11

10
10

10
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The total number o£ stages a-dopted is thus 74 stages.

Using the approximate formula

—

NV/ = 1,500,000 for the whole turbine;

N
and taking = 100; N = 150; for the h.p. turbine = ^

= 75

stages.

Low-Pressure Turbine.—The mean velocity of the blades at the

beginning of the low-pressure turbine may be made V 2 times the
velocity of the blades at the beginning of the h.p. turbine.

Vt = 100^^2 = 140 ft. per second

140
Vq ="

0 ."^
= *^'^0 ft. per second

Diameter = Vt X 229 140 X 229

340 340
= 94*28 ins.

The volume of the steam entering the low-pressure turbine is 24*7

cubic feet per pound.

3 X 43.- X 24*7 X 1

2

height of blades in first expansion = ~
9

4

—
= 0*3176 ft., or 4*46 ins.

Diameter of low-pressure drum = 94*28 ~ 4*46 = 89*82 ins.

The mean diameter of the blades and their height may be obtained

as before by using the two equations

—

mt = I6O61;

J) =r 89*82 -f* h.

At the beginning of the last expansion v — 172 cubic feet. By sub-

stituting this value of v in the above equation, and taking one or two

trial values for D, the height of the blades is found to be 22*07 ins.

and D = 1 1 1 *89 ins.

This blade height is too large for a drum only 89*82 ins. in

diameter, as the usual limits of blade heights are from 3 per cent, to

15 per cent, of the drum diameter. It may, however, be used for

obtaining the common ratio, and the length of a few intermediate

groups of blades may be thus determined.

Common ratio = 22^07

4*46
1*491

The heights of the blades in the five expansions will thus be 4*46
;

6*65; 9*92
;

14*.7 and 22*07 ins.
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Low-Prfssure Turbine.

Volume per pound. Height of blades, A
No. of

expan

-

Bion.

Absolute
pressure at

beginning.

Dryness of
steam at

beginning.
Dry steam.

Actual
volume.

Mean diameter
of blades.

1

by common
factor.

By using
actual
volume.

inches.

1 hVO 0D4 20-27 24-7 94-28 4-4() 4-46

2 o-o 0-D3 42-30 39-4 90-47 G-Cf) 6-80

5 ‘4 0-92 os:} I 029
1

99-74 9-92 10*15

4 3-2 0*91 111-4 99-0 99-74 r9-92]
—

T) 1-8 0 90 191 -3 172*0 9974
1

[9-92] —

The heights of the last two rows of blades are too high for the

diameter of the rotor and cannot be used. This difficulty may be

overcome by again increasing the diameter of the drum or by in-

creasing the discharge angle of the blades. Both methods give in-

creased area for the passage of the steam with a reduced blade height.

Increasing the diameter adds to the weight and cost, and increases the

stress in the material. In this case the last three rows of blades will

all be made the same height, namely 9*92 ins. The above Table gives

the mean diameter and height of blades. Assume the outlet angle of

the fourth expansion to be 30^ instead of 20 ^. Neglecting the thick-

ness of the blades, the annulus factor is —577 = ^ «... Allowing for

the blade thickness, axial clearance and radial clearance, the factor

may be assumed to be T"he steam velocity may be obtained

from the following formula :

—

V' ~ irDh

where C is the annulus factor and u the total volume of steam passing

through at this point.

1 X 431 X 99 X 12 X 12 ^ ^
Vs = ^

, 77777 =414 icct per second.
^ 0'48 X tt X 99-/4 X 9*92 ^

Similarly, l;y assuming the last expansion to have an outlet angle of

42^^, the velocity of the steam entering the last expansion may be

obtained. Sin 42^ = 0*72. Assume annulus factor = 7
-
777

-

0 -bo

1 X 43^^ V 172 y 12 y 12
Vs =

-o56^x’7 X 99.?4 X 9 92
= ^^3 feet per seeond

V .

The ratio is reduced in the last two expansions by this method.
V s

A high outlet velocity means a considerable waste of kinetic energy,

and the outlet angles for the last two expansions are so chosen as to
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make the final velocity of the steam not more than 900 ft. per second.

In the present case the outlet velocity is 900 ft. per second.

Fig. 466 shows the steam and blade velocities thioughout the low-

pressure turbine.

Absolute Pressure, Lh/Sq. In

Fig. 460.

The rows of bladcAS in the last expansion are called wing blades, and

the rows of blades in the fourth expansion are called semi-wing blades.

Number of Stages.—The number of stages in the low-pressure

turbine may be obtained as in the h.p. turbine, by drawing the

velocity diagrams and finding the geometrical mean of the velocity

of the steam entering and leaving on expansion. The work done

per stage can then be calculated and the number of stages obtained

as before.

For the first expansion the mean velocity

is /^558 X 35^0 = 442 ft. per second.

The relative velocity is obtained from

the velocity diagram (Fig. 467), and is

Fig 4G7. 314 ft. per second.

Work done per row = ^"^“32^2^ 778
~ ^ B.Th.U.

The work to be done per expansion
104*5

= 20 9 B.Th.U.
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Assuming that the blade efficiency is 80 per cent., the number of

20-0
stages = 2 ^ ^.93 ^

= C-77 stages.

By similar calculations the velocities are obtained and the number
of stages calculated for each expansion. These are given in the

following table :

—

Low-Pressure Turbine.

No. of stages.

No. of Average Heat drop per
stage.expansion. velocity.

By calculation. Adopted.

1 442 3-80 6-77 7

2 452 4*01

1

0-57 0

3 4(J4 4-298 007
1

0

4 540 5-190 5-03
1

5

5 080
i

0-710 3-89
I 4

Example of Blading Design. Curtis Type Turbine.

To determine the blade angles of a two-pressure stage Curtis turbine
compounded tor velocity : Assume the horse-power to be 2000 ; initial

pressure of steam to be 165 lbs. per square inch and superheated 100° F.;

final pressure 1 *5 lbs. per square inch.

First Stage.—Let the steam expand to 15 lbs. in the first pressure

stage. The Mollier diagram may be used for determining the quantity

of heat converted into kinetic energy and the corresponding dryness of

the steam a^ter expansion.

The pressure at the throat of the nozzle is 0*58 x 165 = 95*7 lbs.

Select A on the Mollier diagram, Fig. 468, having a pressure of

165 lbs. and 100° F. superheat; total heat 1251 B.Th.U.
Draw a vertical line AB representing the adiabatic expansion of the

steam in the nozzle to 15 lbs. There is a slight loss of kinetic energy
in the nozzle due to friction and eddies, which is returned to the steam
as heat, so that the actual heat change will be less than AB. Assume
an efficiency of 92 per cent, for the nozzle and make AC 92 per cent,

of AB. Draw CD at constant total heat to meet tlie constant pressure

line through B. Then D is the condition of the steam at the end of

the expansion in the nozzle, before entering the moving blades. There
is practically no energy loss in the converging part of the nozzle, so that

AE will re})resent the condition of the steam during expansion to the

throat and ED the approximate condition of the steam during expan-
sion in the diverging part of the nozzle. The point E is fixed by
noting that the pressure at the throat = 0*58 of the initial pressure

= 0*68 ^ 165 = 96*7 lbs.
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Velocity of the Steam.— The velocity of the steam at the point D is

obtained from the formula

V = 224\/B ThTu:

From the Mollier diafjram the

B.Th.U. = X AB = X 186 = 171 B.Th.U.

V = 224^171 = 2930 ft. per second.

Fig. 468.

The maximum efficiency is obtained, in a single wheel impulse
turbine, when the velocity of the wheel is nearly 0 5 the steam
velocity. The velooity adopted in practice is much lower than this.

Assuming a ratio of 0*35, the velocity of the wheel would be
2930 X 0*35 = 1026 ft. per second. By using two sets of moving
blades the velocity is taken out of the steam in two steps, and the
blade velocity may then be 1026 x ^ = 513 feet per second. By using
three sets of moving blades the peripheral velocity may be still further
reduced

;
and so on.

Assume a blade speed of 500 ft. per second and that the nozzles
are inclined to the plane of the wheel at an angle of 20"^. Draw the
velocity diagj’am (Fig. 469).

AB = 2930 ft. per second
;
BC = 500 ft. per second

;
AC = rela-

tive velocity of steam = 2460 ft. per second by measurement. The
loss of velocity in the moving blades varies considerably, but taking
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the loss at 10 per cent., CD = ^ X AC = 2214 ft. per second.

Make DE = 500 ft per second
;
then EC is the absolute velocity of

the steam leaving the moving blades ; EC = 1770 ft. per second by
measurement.

Similarly, assuming a loss of 10 per cent, of velocity in the stationary

blades, and remaining moving blades, the remaining velocity triangles

A

Fig. 4G9.

ai-e drawn. The Hnal absolute velocity of the steam leaving the wheel

is EG = 785 ft. per second. For accurate results the velocity loss

should be carefully obtained from actual experiments.

Efficiency.—The loss of kinetic energy by friction and eddies re-

appears as heat in the steam. The loss of energy in the first row of

moving blades, or the heat increase

(2460)“ ~ (221 4/“

2 X (/ X 778
22-9 B.Th.U.

Energy loss or heat increase in guide blades

___
(1770)“ ~ (1593^)“

“ 2 x g x 77S " 11 8 B.Th.U.
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Energy loss or heat increase in second row of moving blades

(1185)='-(1066f ..

Loss by energy left in steam as final velocity

=^ --775 = B.Th.U.
2 X g X 778

Total loss of energy to steam = 22*9 + 11*8 + 5'3 + 12*3.

= 52*3 B.Th.U.
.*. heat converted into work = 171 — 52*3 = 118*7 B.Th.U.

The heat available for conversion into work if adiabatic expansion

had taken place =186 B.Th.U.
Therefore efficiency of the stage (nozzles and vanes)

1 18*7
= X 100 = 63*8 per cent.

The angles of the vanes may be obtained from the velocity diagram
by measurement, and are as shown in Fig. 469.

Second Stage.—The total heat available in the steam entering the
second stage is 1251 — 171 + 52*3 = 1132*3 B.Th.U. The pressure
is 15 lbs., and from the Mollier chart the dryness is 0*981.
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The velocity diagram for the second stage may be drawn in a similar

manner and the angles of the vanes obtained.

On the Mollier chart (Fig. 468) produce BD to P, where F represents

the total heat and given dryness. FG represents adiabatic expansion
in the second set of nozzles to 1*5 lbs. Assuming the nozzle

efficiency as 92 per cent.
;
FH = 0*92 x FG. Draw HM at constant

total heat to meet the constant pressure line through G. Then FKM
represents approximately the state of the steam during expansion in

the nozzles. The point K is obtained in a similar manner to the point

E by assuming no loss in the converging part of the nozzle.

By measuring the Mollier chart FG = 147 B.Th.U.
;

FH = 135

RTh.U
V,= 224V135 = 2600 ft. per second.

Draw the velocity diagram as before (Fig. 470). The velocities are

as follows : AB = 2600 ;
BC = 500 ;

AC = 2135 ;
CD = 1922 ;

CE = 1490 ;
EG = 1341 ;

EF = 960 ;
FH = 864 ;

FK = 665 ;

HK = 500.

Efficiency.—The heat increase due to loss of energy in the first row
of blades

ig'x 778"

= 17-3 B.Th.U.

Similarly heat increase in guide blades

(1490)2 - (1341)'^
8-4 B.Th.U.

2(/ X 778

Similarly heat increase in last row of moving blades

^ (_960)2 -

(

864)
2

_
2</

X

778

Loss by energy left in steam as final velocity

=

The heat increase due to eddies and friction in the second stage

= 17-3 + 8-4 + 3*4 + 8*8 = 37*9 B.Th.U

Heat converted into work in second stage

= 135 - 37-9 = 97-1 B.Th.U.

The heat available for conversion into work in second stage if

adiabatic expansion had taken place = 147 B.Th.U.
Therefore efficiency of the second stage (nozzle and vanes)

97*1
= X 100 = 66 per cent.

The heat available for conversion into work if the expansion had
been adiabatic is 1261 — 931 = 320B.Th.U.
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The combined efficiency

118-7 + 97-1

320 X 100

= 67*4 per cent.

Velocity Diagram. Second Method.—Fig. 471 shows
method of drawing the velocity diagram for the first stage.

another

A

AB is the nozzle velocity ; AC the relative velocity
;
Cl) the velocity

leaving the first row of moving blades.

The total change of velocity parallel to the wheel in the first row of

blades is GH = 4275 ft. per second.

The total change of velocity parallel to the wheel in the second
row is JK = 1G70 ft. per second.

The total change of velocity effected in this stage is 5945 ft. per

second.

The work done per pound of steam is the change of momentum
multiplied by the velocity of the wliee), or

118-7 B.Th.U.
f/

< ^ O

The energy available = 186.

Therefore efficiency of wheel and nozzle

= X 100 = 63*8 per cent.

which is the same result as previously obtained.

This method may be similarly msed for the second stage.

Condensation in the Turbine.—During the passage of the steam

through the turbine the temperature of the steam falls from the high-

pressure to the low-pressure end of the turbine, and so Jong as the load

is constant this range of temperature is constant. The walls of the

stator and rotor portions of the turbine take up more or less the

temperature of the steam in immediate contact with them, and con-

densation due to How of heat from the steam to the surrounding walls

is reduced to a minimum. Hence that most serious cause of loss in

the reciprocating engine, namely, condensation due to alternate heat-

ing and cooling of the cylinder walls during the admission and exhaust

strokes, is absent in the steam turbine.
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There is a tendency to flow of heat by conduction from the hotter

end of the turbine to the cooler end, tending to produce a small

condensation eflect at the hot end, and a drying effect at the exhaust

end of the turbine.

Friction.—The friction in the steam turbine is not that of rubbing
metal surfaces, as in the reciprocating engine, the only rubbing surfaces

being the main bearings. In the turbine the friction is rather that

between the rotating parts and the steam, the friction due to conflicting

steam currents in their passage through the turbine, and the friction

80

28

28

24

22

20
^

18

IB

14

12

10

Tiirl)iii(> Steam-oonsiirnption Curves.

Fig. 472.

caused by the presence of water in the steam, which, when the proper-

tion of water is large, may become very great.

The presence of water in the steam from an ordinary steam-boiler

is unavoidable, and the steam delivered (not passing through a super-

heater) will contain at least from 2 to 5 per cent, of moisture. But
in addition to its initial wetness, the steam will develop a degree

of wetness due to tlie heat absorbed in giving velocity to its mass, the

extent of the wetness being exactly the same as would result from
work done during adiabatic expansion of the steam behind a piston in

a reciprocating engine.

Superheating the steam produces a marked improvement in the

steam turbine, the steam-consumption being reduced about 1 per
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cent, for every 10° Fahr. of superheat, and the increased efficiency is

attributed chiefly to reduced loss by friction.

On the other hand, if the turbine is supplied with excessively wet

steam, as from a priming boiler, the effect upon the turbine is to slow

it down, owing to the excessive friction set up between the water and
the rotating parts.

It is true that the fiiction is transformed into heat, but little useful

effect is obtained from the heat so generated.

Vacuum.— There is a theoretical advantage in all heat engines in

reducing the lower limit of temperature to the lowest possible point,

but the advantage is more fully realized in the turbine than in the

reciprocating engine. In the reciprocating engine there is, first, the

practical difficulty that the gain obtained by reducing the condenser

pressure and temperature is to some extent neutralized by the

increased cylinder condensation, due to the reduced temperature of the

exhaust
;
secondly, owing to the greatly increased volume of the steam

at the lower pressure, it is not practicable to make the low-pressure

cylinder large enough to take full advantage of the expanding steam;
and, thirdly, there is generally a considerable difference between the

vacuum in the condenser and the mean vacuum at the back of the low-

pressure piston, especially at full power.

In the case of the turbine, condensation effects of the kind above

mentioned are absent, and the steam may be expanded down to the

pressure in the condenser
; it is therefore possible to take full advan-

tage of the lowest limits of temperature and pressure in the condenser.

Each additional inch of vacuum between 23 ins. and 28 ins. appears

to reduce the steam consumption of the turbine on an average from
3 to 4 per cent.

It is possible to avoid air leaks to the condenser more easily in the

turbine than in the reciprocating engine, because the only glands to

leak air are those where the main shaft passes out through the turbine-

case, and these glands are steam-packed, which is a very effectual

means of excluding air.

In order to secure and maintain a high degree of vacuum, it is, of

course, necessary to have ample condenser cooling surface, a large

supply of circulating water, and efficient air-pumps, as well as short

passages and ample dimensions of the exhaust pipe. In the most
recent condensers for turbines, from 10 to 12 lbs. of steam are con-

densed per hour per square foot of cooling surface, with a vacuum of

27^ to 28 ins. at full load.

The amount of circulating water required is about fifty times the

weight of steam, as against thirty times the weight of steam for ordinary

condenser practice. For this additional cooling water an addition of

I in. to 1 in. of vacuum is obtained, or a gain of from 3 to 4 per cent.

For the purpose of more thoroughly extracting the air, a ‘‘vacuum
augmenter’’ 473) has recently been introduced by Messrs.

Parsons. From the bottom of the condenser a pipe is led away to

an auxiliary condenser, containing about the cooling surface of the

main condenser, and in a contracted portion of this pipe a small
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steam jet is placed, which acts as an ejector, and extracts nearly all

the residual air and vapour from the condenser and delivers it to the

air-pumps. A water seal is provided, which prevents the air and
vapour returning to the condenser. The steam used by the auxiliary

jet is said to be about H per cent, of the full-load steam consumption.^

The air and vapour in the augmenter condenser being denser than
that in the main condenser, the air-pump need not be so large as would
otherwise be necessary. In this connection it may be noted that the

volume of a given weight of air at 1 lb. pressure absolute is double that
at 2 lbs. pressure absolute.

Recent Development in Surface Condenser Practice.—As soon as

it was fully realized how important was the influence of improved
vacuum in steam turbine practice, much more attention was given to

the study of the design of condensers, with a view to improving their

efiiciency.

If the steam exhausting into a surface condenser consisted of pure
steam only, there would be no need of an air pump, but in practice

more or less air is always present in the exhaust steam, partly due to

air dissolved in the feed water, and partly to leakage of air into that

part of the plant which is below atmospheric pressure.

The weight of air passing into the condenser with the steam is

more or less constant under constant conditions, but in surface con-

densers the ratio of air to steam in the condenser during the process

of condensation varies greatly between the point of entry to the con-

.denser and the point of leaving it to enter the air-pump barrel.

^ See a paper by lion. C. A. Parsons, G. Stoiicy, and C. P. Martin, Inst, of Elect.

Engineers, May 12, 1904.
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At tlio exhaust steam inlet the ratio of air to steam is very small,

but tills ratio increases rapidly as the steam condenses, until finally the

proportion of air by weight is considerable.

Partial Pressures.—The pressure in the condenser indicated by the

vacuum gauge is made up of the sum of the ‘‘partial” pressures of

the air and the vapour present in the condenser. The “partial”

pressure of the air, and the “partial ” pressure of the vapour depend
upon quite independent laws, and are determined from the known
data, always remembering that “ the pressure of the mixtuT e of a gas

and a vapour is equal to the sum of the pressures wliich each would
possess if it occupied the same space alone.”

The pressure due to water vapour in an enclosed space at a given
temperature is obtained by reference to the Steam Tables.

The pressure is expressed in inches of mercury.

Note : 1 inch of mercury = 0*491 lb. per square inch pressure.

The relation of pressure, volume and temperature of air is expressed
(see p. 8) by the formula

PV = RT
where P = pressure per square foot, ;

V = volume per lb. of air in

cubic feet
;
T = absolute temperature Fahrenheit

;
and 11 = a constant

= 53*2

or P =

Example 1.—We have in the lower portion of a condenser a mixture

of air and steam at a temperature of 105'^ F. and a pressure of

26 inches by the vacuum gauge, or 4 inches of mercury : find the

“ partial ” pressures of the air and steam present in the condenser.

From the Steam Tables (Table IV.) the pressure of saturated steam
at 105° F. is 1*098 lbs. per square inch absolute, and this is the partial

pressure due to the steam. But the total pressure of steam and air

is 4 inches of mercury, that is 4 x 0*491 = 1-964 lbs. pressure per

square inch absolute, therefore the partial pressure of the air = 1-964

~ 1*098 = 0*866 lb. per square inch. The partial j)ressure of the

steam is therefore 1*098 lbs. per squai-c inch, and the partial pressure

of the air is 0*866 lb. per square inch.

Example 2.—To find from the data given in Example 1 the volume
in cubic feet per lb. of air present in the coiidenser when the pressure

of the air is 0*866 lb. per scpiare inch, and its temperature is 105° F.

PV = 53*2 T
_ 53*2 X (461 + 105)

^ 0*866 X 144"
'

= 240 cubic feet per lb.

Improvements.—Among the various improvements that have taken
place in the design of condensers are the following :

—

(1) Arrangements for the easiest possible direct passage of the

exhaust steam to the condenser tube surface.

(2) The shaping of the condenser so as to present a gradually
reducing sectional area from the exhaust inlet to the air-pump suction.
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(3) The provision of tubeless spaces at points in the path of flow,

where a change or reversal of direction of flow occurs.

(4) The provision of a cooling chamber in the base of the condenser

to regulate the temperature of the gases passing to the air pump.

The efficiency of the air pump increases as the density of the gases
admitted to it increases, and this density depends upon the cooling

efliciency of the condenser. It is also important that the water of

condensation supplied to the air pump should be reduced to a tem-
perature below that of its boiling-point under the conditions of the
vacuum attained in the air-pump barrel, otherwise on the vacuum
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stroke of the air-pump piston the water would boil and the barrel be
filled with vapour, when the pump would cease to act any longer as an
air pump.

It must be further remembered that the efficiency of the plant as a
whole requires that the heat in the condensed steam should be con-

served in every possible way in order to return it as boiler feed at the
highest possible temperature.

In order to deal with the opposing principles of a hot boiler feed

on the one hand, and a high air-pump efficiency on the other, separate

air pumps are sometimes fitted, one dealing with the air and vapour
at a low temper.ature, called the ‘'dry-air pump,” and the other deal-

ing with the water at a higher temperature called the “ wet-*air pump.”

To the dry-air pump a cold injection is applied, thereby increasing the

density of the air and enabling the pump to withdraw a greater weight

of air per stroke, or permitting a reduction of air pump dimensions.

Fig. 474 illustrates a dual air pump made by Messrs. G. & J. Weir,

Ltd. A is the wet pump and B the dry pump. A single connection

C is made to the condenser. A branch pipe D is led to the suction

side of the dry pump, connection being made in such a manner that

the water from the condenser to the suction will all pass direct to the

wet pump by Cj. It will be seen that there is a separate suction to

each pump, and that the dry pump discharges through the pipe E
against the spring-loaded valve F into the wet pump at a point below

its head or discharge valves. The dry pump is supplied with water

for water sealing, cooling, and vapour condensing. This water passes

from the hot well of the dry pump by the pipe H to a special cooler

through which a supply of cold water continuously circulates.

Fig. 475 represents a section of the “ Contraflo ” condenser. This
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condenser is fitted with a two-way cock and pipe at its base, by means
of which the water of condensation can be passed di*rect to the air

pump, or, where it is too hot to be effectively dealt with by the air

pump, it can be by-passed through a cooler or water-pocket at the

bottom of the condenser and afterwards admitted to the air pump.
Jet Condensers.—In the case of a jet condenser plant the work of

the air pump is greatly increased over that of the air pump of the sur-

face condenser, which has to deal only with the condensed steam and
the air present chiefly due to leakage.

The air pump of the jet condenser has to handle, in addition to this,

the whole body of condensing water together with the air liberated

from that water.

In jet condensers the minimum condenser pressure is obtained under
conditions which limit the supply of condensing water. The limiting

point being when further increase in weight of condensing water,

though reducing the pressure due to the steam, increases by a more
than corresponding amount the pressure due to excess air brought in

with the condensing water.

Vibration in the turbine is practically eliminated, as there are no
unbalanced parts. This removes the necessity for massive and costly

foundations.

The even turning moment on the spindle is a further important
quality of the turbine.

Lubrication,—As there are no internal rubbing parts, no internal

luVjrication is required, hence the steam exhausted from the turbine to

the condenser is entirely free from oil, and the feed water supplied to

the boilers is pure distilled water.

Horse-power of Turbines.—Tt is not possible to directly measure
the indicated horse-power of the turbine, but the brake horse-power
or the electrical horse-power of a turbo-electric set may be measured
directly. Correcting the electrical horse-power for the efficiency of

the dynamo, we then have the brake horse-power of the turbine alone.

In reciprocating engines, the mean ratio of I.H.P. to B.H.P. is

taken as 1 ; 0*86. If, then, for the purpose of comparison, the B.H.P.
of the turbine be divided by 0*86, we obtain what is called the
“ hypothetical equivalent indicated horse-power ” of the turbine.
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APPENDIX
I.

EIPPEK’S MEAN-PKESSURE INDICATOR.

The object of the mean-pressure indicator here described (Fig. 476), is to

obtain from pressure-gauges a continuous reading of tiie mean effective pressure

in an engine cylinder.

The instrument consists of a valve-box containing two valves, and by the

automatic action of the valves, the driving or impelling steam is made to

act continuously on one gauge, called the forward-pressure gauge
;
while the

back-pressure steam acts continuously upon another gauge, called the back-

pressure gauge. The difference between the readings of the two gauges gives,

for ordinary cases, a close approximation to the effective pressure acting on the

piston as given by an ordinaiy indicator.

The action of the valves is as follows :—One of the valves, B, is a ball valve,

and the other, E, is a double-seated valve. Suppose, in a vertical engine, the

driving-steam is on the upper side of the engine piston, pressing it downwards.
Then the driving-steam enters also the upper part of the instrument at II, and
presses down both the little valves upon their respective seats. This action

puts the driving-steam into communication with the forward-pressure gauge

;

and puts the back-pressure steam, which is below the valves, into communication
with the back-pressure gauge, owing to the double- beat valve E being now open

at the bottom side of the v^alve.

On the return stroke of the piston, the driving-steam enters the instrument at

C, and the valves B and E of the instrument are automatically reversed, and
again the driving-pressure steam acts Tipon the forward-i)ressure gauge, and the

back-pressure steam upon the back-pressure gauge. In ‘ this way there is a

continuous reading of tlie forward and back pressures on the respective gauges.

There is a cock, A (and 1)), at the instrument end of the gauge-syphon for

rough adjustment, and a cock F (and G) close to the gauge for fine adjustment.

By the use of two cocks, the gauge- finger is maintained steady, and the gauge-

pipe is kept full of water.

The mean-pressure obtained from tlie gauges is the mean-pressure on a time

base. This differs somewhat from the mean-pressure on a distance-base, as given

by the ordinary indicator, because the motion of the piston is harmonic, and not

uniform throughout the stroke.

In many cases the difference between the two kinds of mean-pressures is very
small. In some cases, however, wliere there is a large expansion in one
cylinder, the difference is greater

;
also in the case where the back pressure at

compression is greater than the forward pressure
;
the valves of the instrument

reverse too early. But for all cases, in any given engine, there is a definite ratio

between the reading of the gauges and the mean-pressure by an ordinary

indicator which can be determined once for all by actual trial, or by measurement
from the diagrams

;
and in practice the gauges are in the first instance

standardized against a good standard indicator of the ordinary type, at light

• medium and heavy loads, and the gauges graduated accordingly.
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II.

SATUBATED-STEA.M TABLES.
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1 0 1020 70*0 1113*1 1043*0 981*1 61*9 1051*2 0*00299 334-6

20 126*3 94*4 1120 5 1026*1 961*9 64-2 1056*3 0*00576 173-6

3-0 HI 6 109*8 1125-1 1015*3 949*5 65*8 1050-3 000844 118-4

4-0 l/)3 1 121 4 1128*6 1007*2 940*4 66*8 1061*8 0*01107 90*31

5*0 162*3 130-7 1131 5 1000 8 933*1 67*7 1063*8 0*01366 73-22

(>•0 170*1 138*6 1133*8 995-2 926*7 68*5 1065*3 0*01622 61-67

70 176*9 145*4 1135-9 990*5 921*4 69*1 1066*8 0*01874 53*37

80 182-9 151*5 1137*7 986*2 016-5 69*7 1068-0 002112 47*07
9-0 188*3 156*9 1139*4 982-5 912*4 70*1 1069*3 002374 42-13

lO-O 193*2 161*9 1140*9 979*0 908*4 70 6 1070*3 0*02621 38*16

110 197*8 166*5 1142*3 I 975*8 904*8 71*0 1071 3 1 0*02866 31*88

120 202*0 170*7 1143-6 972*9 901*5 71*4 1072*2 003111 32*14

130 205*9 174*6 1144*7 970 1 ! 898*4 71*7 1073*0 0*03355 29*82

14*0 209*6 178*3 1145-8 967*5 895*5 72*0 1073*8 0*03600 27*79

14*7 212*0 180*7 11466 965*8 893*5
I

72*3 1074*2
i

0*03758 26*64

15*0 213*0 181*8 1146*9 965*1 892*6 7*2*5 1074*4 0*03826 26*15

160 216*3 185*1 1147*9 962*8 890*0 72*8 1075*1 0*04067 24*59

17*0 219*4 188*3 1148 9 960 6 887*6 73*0 1075*9 0 04307 23*22

18*0 222*4 191*3 1149*8 958*5 1 885*3 73*2
1

1076*6 0*04547 22*00

190 225 2 194*1 1150*7
1

956*6 883*2 73*4 1077*3 0*04786 20*90

200 227*9 196*9 1151*5
!

954*6 1
1 881*0 73*6

!

1077*9 0*05023 19*91

210 230*5 199*5
i 1152 3

i

952*8
!1

879*0 73*8 1078*5 0-05259 19*01

220 233*1 202*0 1153*0
I

951*0
1

877*0 74*0 1079*0 0*05495 18*20

23*0 2355 204*5 11537 949*2
1

875*0 74*2 1079*5 0*05731 17-45

24*0 237*8 206*8 1154*4 947*6 873*2

,

74*4 1080*0 0*05966 16*76

25*0 240*0 209*1 1155*1 916 0 871*5 74*5 1080*6 0*06199 16*13

260 242*2 211*2 1155*8 944*6 869*9 74*7 108M 0-06432 15*55

270 244*3 213*4 1156*5 943 1 868*2 74*9 1081*6 0*06666 15*00

' The above steam data are for the most part taken from Prof. Peabody’s

valuable “ Saturated Steam Tables,” by kind permission of the author and pub-
lishers (Messrs. John Wiley and Sons, New York), and the same values are used
throughout the text.
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28-0 240*4 215-4 1157-1 9417 800-7 75*0 1082-1 0*06899 14-49

290 248*8 217-4 1157-7 940*8 805*1 75*2 1082-5 0
-07K-!0 14-08

800 250-3 219-4 1158*8 988-9 868-6 75-3 l ()83-0 0-07800 13-59

81 0 252*1 221*3 1158*8 987*5 802 -O 75*5 1083-3 0-07590 13-18

82*0 254*0 223-1 1159*4 930-3 860*7 75*0 1083-8 0*07821 12*78

830 255*8 224*9 11599 985*0 859*2 75*8 1084*1 0*08051 12*41

840 257'5 220-7 1100*4 988*7 857*8 75*9 1084-5 0*08280 12*07

35-0 259*2 228*4 1101*0 932*0 850*0 70-0 1085-0 0-08508 11*75

40'0 207*1 23(>-l 1163*4 927-0 850*8 70*7 1080-7 0-09044 10*87

40-0 274*8 218 0 1105*6 922-0 844*8 77*2 1988-4 0*1077 9-287

f)0-0 280-8 250*2 1107*0 917-4 839-7 77-7 1089-9 0 088 8-414

55-0 280*9 256*8 1 109-4 918*1 831-9 78*2 1091-2 0 1299 7*(;96

60-0 292*5 201-9 1171*2 909-8 880*7 78*0 1092*0 0*1409 7*096

05*0 297-8 267*2 1172-7 905-5
i

820*5 79-0 1093-7 0-1519 6*588

70*0 802*7 272*2 1174 3 90
-2-

1

1

822*7 79*4 1094*9 0*1628 6*144

75*0 307*4 270-9 1175*7 898*8
1

819*1 79-7 1090-0 0 1786 5*762

80*0 311*8 281-4 1 177*0 895-0
i

815*5 80 1 1090-9 0 1848 5425
85-0 310-0 285-8 1178*3 892-5 i 812-1 80*4 1097-9 0*1951 5-125

900 320-0 290*0 1179*6 889-0 ' 808*9 80-7 1098 9 0-2058 4*858

9 .V0 323-9 294*0 1 180*7 880-7 ' 805 8 80-9 1099-8 0-2105 4619
lOO-O 327-0 297-9 1181 9 884*0 ^ 802-8 81*2 1100-7 0 2271 4*408

lO.rO 881*1 801-6 1182*9 881-8 1 799*9 81*1 1101*5 0-2878 4*206

1100 331-0 805-2 1184-0 878-8
i
797 1 81*7 1102*8 0 •248l 4-026

115*0 887*9 308-7 ^ 1185-0 870-3 ! 79 T4 81*9 1108*1 0-2589 3-862

120-0 811*0 312-0 1186-0 874-0
1

791*9 82*1 1108*9 0-2095 8*71

1

125*0 314-1 315 2 1180*9 871*7
1

789 4 82*8 1104*0 0-2800 8572
1300 847*1 318 4 1187-8 809-4

,

780*9 82*5 1105*8 0*2904 8*444

1350 850*0 821*4 118S 7 ' 867-8
;

784 7
' 82*0 1100*1 0*8009 8*823

HO-0 852*8 324*4 1189*5 805 *
I 782*8

i

82-8 ’ 1100*7 0*3118 8*212

1450 855*0 827-2 1 190*4 803*2
;

780*2 83*0
;

1107*4
i

0*8218 8*107

150-0 858*8 830*0 11912 801*2
i 778-1 88-1 1108*1 0-8821 8*011

1550 800*9 382*7 1192-0 859*8
i

770-0 83*8
‘

1108*7
I

0 8426 2*919

100-0 803*4 385*4 1192-8 857-4
;

774-0 88*4 : 1109*4
1 0 8580 2883

105-0 305*9 888*0 1198*6 855*0
'

772-0 88*0 1110*0 i 0*8685 2*751

170-0 808-8 8405 1194*3 858-8 770-1 83*7
1

1110*0
!

0*8787 2*676

1730 370*0 343*0 ! 1195*0 852 *0 :
708*2 88*8 11112 0*8841 2*603

180-0 873-0 345-4 H 95 7 850*3 '

700*4 83-9
1

1111*8 08945 2*585

185-0 375*28 847*8 1190-4 848-0 701*6 84*0 1112*4 0*4049 2-470

190-0 377-4 850*1 1197-1 847-0 ' 702-9 84 1 11180 0-1153 2*408

1950 379*0 852-4 1197-7 845-8
:

701*1 84-2 1118 5 0*4257 2*349

200-0 881-7 354-6 1198*4 843*8
!
759*5 84*3 1114-1 0*4859 2*294

2500 401-0 874-7 1204-2 829*5 744*5 85*0 1119*2 0*5898 1851
3000 417*4 891-9 1209*8 817 -4

:

782*0 85-4 1128*9 0-6440 1*554

400-0 444-9 419-8 1217*7 797-9 1

1

712-3 86-2 1181-5 0-8572 1*167
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III.

SATURATED-STEAM TABLES.

From Prof. Peabody's Steam Tables (New Edition),
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32 0*0886 0*0 1071-7 1071 7 1017*5 51-2 0-000302 3308
40 0*1217 8-1 1075-7 10G7(! 1012-5 55*1 0 000409 2446
50 0*1780 18-1 1080-4 1062;! 1006-2 56-1 0*000587 1703

60 0-2561 28-1 lOS;')-! 10.57 0 999-8 57-2 0-000828 1207
70 0-3627 38*1 1080-0 1651-8 993-6 58-2 0-001152 868
80 0*5056 48-1 ioo4-(; 1046 5 087*2 59-3 0-001577 634
00 0-6060 58-1 1090-3 1041 2 980-9 60-3 0-002131 469
100 0-!)461 e8-<» 11037 1035-7 974-4 (ri*3 0-002851 350 8

110 1*271 78-0 1108-1 1030-1 i)67-7 62-4 000;i771 265*2
120 J-(!8!» 88-0 1112-4 1024-4 961-0 0 004926 203-0
130 2-220 08-0 1116-7 1018-7 054-2 64*5 0-00637 157*1

140 2-885 1080 1121-1 1013*1 947*5 65-6 0 00814 122*8
150 3-715 118*0 1125-2 1007*2 940*6 66-6 0*01032 96*9

u;o 4*738 128*0 1120-4 1001-4 y33-7 67*7 0-01296 77*2
170 5*000 138*0 1133*5 905-5 926-8 68-7 0*01613 62*0
180

1

7-510 148-0 1137-5 989-5 919-8 60-7 0-01993 50-2
100 i 0-330 158-1 ! 1141*5 083-4 912 7 70-7 0-02444 40-92
200 11-528 168-2 1145 4 077-2 905-5 71-7 0 02974 33*62

210 14-125 178-3
!

1140-2 970-0 898-3 72*6 0 03597 27 80
220

;

17*188 188-4 1 153-0 964-6 891-0 73-6 0-04321 23*14
230 20-78 108-5 1 156-6 958 1 88:’>-6 74-5 0-0516 19 37
240 24*97

i

208-6 1160 0 951-4 876-0 75-4 0*0613 16 31
250 29 82 218*8 1163-5 944-7 868-5 76*2 0-0724 1382

260 35-42 229-0 1166*8 937-8 860-7 77-1 0*0851 11*75
270 41-84 230-1 1160-8 9:i07 8.52-8 77-9 0-0905 10-05
280 49-19 249-4 1173-0 923-6 844 9 78 7 0 1158 8 639
200 57*53 250-6 1175-9 916-3 836-9 79-4 0 1341 7-454
300 66-98 260-8 1178-7 908*0 828-8 801 0-1547 6-462

310 77*63
1

280*1 1181*4 901-3 820*5 80-8 0*1779 5*622
320 89-50 290-4

1
1184*1 893-7 812-3 ! 81-4 0-2038 4*907

330 102*08 300*6 1186 5 885*9 803 8 82-1 0*2319 4*312
340 117*01 310-9

!

1188-9 878 0 795*3 82-7 0*2642 3*784
350 134-52 321*3 1191*3 1 870-0 786 8 83*2

1

0-2992 3-342

360 152-80 331*6 1193-4
1

861-8 778*1 83*7 0*3378 2*960
370 173*17 341-9 1195-4 i 853-5 7693 84-2 0-3808 2*626
380 195-52 352*3 1197*4

1
845-1 760-5 84 6 0-4275 2-339

300 220*05 362-7 1199*3
1

836*6 751-6 85 0 0*4789 2*088
400 246-9 373-1 1201-0

1
827*9 742-6 85*3 0*535 1*868
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IV.

CONDENSER TEMPERATURES AND PRESSURES.

'

1 £ . . .
o

1 9 1

Temperatui

degrets

F

Pressure

pounds

pel

sq.

inch.

Temperatu
degrees

F

Pressure,

pounds

pei

sq.

inch.
% M

c to

<V 'O
H

Pressure,

pounds

pel

sq.

inch.
"S sp

S O'
4) -O
H

Pressure,

pounds

per

sq.

inch.

Tt

mperatui

degrees

F

Pressure,

pounds

pel

sq.

inch.

/ / t

I

' / / / t / /
60 0-256 1

61 0 265 73 0*401 85 0-504 97 0-864 109 1 -235

62 0-275 74 0*415 86 0*613 98 0 891 110 1 271

63 0-285 75 0*429 87 0*633 99 O-018 111 1*308

64 0*295 76 0*443 88 0*653 100 0-946 112 1-347

65 .
0*305 77 0 458 89 0*674 101 0*975 113 1-386

66 0*316 78 0*474 90 0-606 102 1*005 114 1*426

67
1

0-327 79 0*489 91 0*718 103 1*035 115 1*467

68 1 0*339 80 0-506 92 0*741
1 104 1*066 116 1*509

60 1
0*350 81 0 522 93 0 764 105 1*098 117 1*552

70 i 0*363 82 0*539 94 0*788 106 1131 118 1*597

71
:

0*375 83 0*557 95 0*813 107 1*165 119 1*642

72 0*388 84 0*575 96 0*838 108
1

1 200 120
i

1*689
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V.

TABLE OF MEAN-PKESSUEE EATIOS.

The mean pressure is obtained for any given number of expansions by
multiplying the initial absolute pressure by rhe factor given. Thus, for adiabatic

expansion with a cut-off at the initial pressure = 100 lbs. absolute

—

Tm — p\ X factor for five expansions = 100 x 0*496
= 49-6 lbs.

. , .

ratio of expansion.

p,n 1 -f- byp. log r

P \

~~

hyperbolic curve.

Pm 1 ~ ^ 7
= I7r ^ - 16r To

Pi
saturation curve

P>n 7
—JO

' = lOr ^ - 9r 0

Pi
adiabatic curve.

10 lOO 1-09 1-00

15 0-937 0-934 0-931
2*0 0*847 0-840 0-834
2-5 0 7(!e 0 -75S 0-748
3 0 0-700 0 -G88 0-678
3*5 0-644 0-631 0-620
40 i

0-597 0-583 0-571

4 5 0-556 0-542 0-530
50 0-522 (»-50 t> 0-496
5-5 0-492 0-477 0-464
60

1

0-465 0-450 0-438
7-0 0-421 0-405 0-393
8-0 0-385 0-370 0-357

90 0-355 0-340 0-328
10-0 0-330 0-314 0-303
11 0 0-309 0*294 0-283
120 0-290 0-275 0-264
] 3-0 0-274 0-259 0-248
140 0-260

i

0-245 0-234
150 0-247 0-232 0-221
16 0 0-236 0-221 0-21

1

170 0-226 0-21

1

0-201
18*0 0-216

i

0-202 0-192
190 0-208 0-193 0-183
200 0-200 0-186 0-177
21*0 0-192 0-178 0-169
22-0 0-186 0-172 0-163
23*0 0-1 SO 0-167 0-158
24*0

i 0-174 0-160 0-151
25*0

1

0-169 0*155 0-146
1
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VI.

TABLE OE ENTEOBY.

Temperature Specific heat
Fahrenheit. of water.

t. c.

Entropy of I lb,

of water from 32°

<Pu>

Entropy of
lb. of stoam.

L
j

Entropy of 1 lb of

steam from 32° F.

82 1 2*2189 2*2189

50 1 0 0859 2*1103 2*1522

00 1 0*0558 2*0021 2*1174

70 1*001 00744 i

2*0100 2 0844
80 1*001 0*0981 1*9598

!

2*0529

90 1*002 0*1115 1*9115 2*0280

100 1*002 0*1290 1 1
*80 j 9 1 *9945

110 1*003 0*1478
i

1
*8*200 1*9073

120 1*004 0 1048 i 1
*770 (> 1*9414

180 1 *004 0*1819
1

1 7840 1*9105

140 1*005 0*1988 ! 1*0940 1*8928

150 1 *000 0-2154 1*0547 1*8701

100 1*007 0*2818
;

1*0107
1

1*8485

170 1*008 02479 1*5799
!

1*8278

180 1*009 0*2088 1*5442 1*8080

190 1*010 02795 1*5090 1*7891

200 1*011 0*2919 1*4700 1*7709

250 1*017 0*8090 1*3220
1

1*0910

300 1*020 0*4885 1*1880 ' 1*0205

350 1*084 0*5042 1*0098
!

1*5710

400 1*044 0*5005 0*9049
[

1*5814

dj>

(it

000:^70
ooo:M8
ooo:i:io

0 00815
000209
000285
000272
000259
000219
000287
000227
000210
000207
0*00198

000189
0*00182
000100
000129
000105
0*00085



QUESTIONS WITH SOLUTIONS
(Prepared for the Author by Mit. J. W. Kehshaw, M.Sc. B.Eng.)

I. THERMODYNAMIOS OF GASES.

1 . What is the law connecting the pressure, volume, and absolute temperature
of 1 lb. of air ? 1 lb. of air at 2 atmospheres pressure and 20® C. : what is its

volume ?

It receives heat energy equivalent to 1000 foot-lbs., its volume remaining
constant ; find its new pressure and temperature. The specific heat of air at

constant pressure is 0‘238. (Bd. of Ed., Stage III., 1900.)

Answer .—The law connecting the pressure, volume, and absolute temperature
is PV = RT

;
R = 95-83 if T is in Centigrade degrees.

Let Vj = the new volume

;

thou 2 X 14-7 X 144 x = 95*83 x (273*7 + 20)
95-83 x 293-7 .

V, =r ^ ^ „——- = G-G48 cub. ft.
* 2 X 14-7 X 144

Heat added = hi, where t — the rise in temperature

/. 1000 = (K ~ R)^
1000

' 0-288 X 1393 ~ 95-83
t : 4-3® C.

and the new temperature is therefore 24 '3® C.

To find the new pressure—
PV RT

95-83 X (273*7 + 24*3)

G-648 X 144
P 29*89 lbs. per square inch

If we add a small amount of heat 5II to a gas—

Heat added = increase of internal energy -f work done
5H = /rST 4- pdv

or dH = kdT + j)dv

kdfPY)
Substituting, all = —

^

+ p>dv

Integrating, heat added, H = (PsYo — PiV,) 4- work done
R'

K= K — k and
^ = 7

K - k

k
= -y — 1

k
,

R
1

7-1

heat added in any change = ““ + work done
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During isothermal expansion the internal energy is constant.

heat added = work done

During adiabatic expansion no heat is added or rejected ;

/. 0 = increase of internal energy + work done

or work done = —increase of internal eiiergy

If expansion of a gas take place according to the law PV = c, the heat given

during expansion may be written in the following form, instead of the above

form :

—

The work done = pn — 1
^ '

therefore heat given may by written

—

1 /p V p V ) ,

PiV, ^ P.V, 7(PiV, - p,v,) + 7.(P,v, - p,vo

(7 - n) (P,V, - P,V,)
-.y-fX i

rr X work done7-1

2

.

Ten cubic feet of air at 90 lbs. absolute pressure and at C5° F. are expanded
to four times the original volume, the law for the expansion being PV*’^* = a con-

stant. Given that the specific heat of air at constant volume = 180-8 foot-lbs. per

pound, and at constant pressure = 183-4 foot-lbs. per pound, find (1) the tempera-

ture of the air at the end of the expansion
; (2) the work done in foot-lbs.

; (3) tlie

amount of heat which must have been given by or been rejected to an external

source during the cycle. (London B. Sc. Eng., 1904.)

m-
65 + 461 _ 5M _ 626
41 .25 -, - -

^2
372° absolute or — 89° F.

Work done in foot-lbs. =
P,V, -

( Vj ) ]_ 90^ 144 X 10[1 (i)*]

T^5 - i
= 151,800 foot-lbs.

y — n
Heat rejected = —^7^ X work done =

= 58,790 foot-lbs.

1-408 - 1-25

0-408
X 151,800

3 . One pound of air at 32^ F. and at atmospheric pressure occupies 12*387

cub. ft. Find its pressure at 212° F. an.d compressed to 3 cub. ft.

‘ Ans. 82-9 lbs. per square inch.

4 . Draw diagrams illustrating the addition of heat to a gas

—

(1) at constant volume
;

(2) at constant pressure

;

(3) with increase of both pressure and volume.
5 . Find the work done during the isothermal expansion of 1 lb. of air from 100

lbs. per square inch to 20 lbs. per square inch, at a temperature of 100° F. Hyp,
log 5 = 1-609. Ans. 48,021 foot-lbs.

0. Find the work done during the adiabatic expansion of 1 lb. of air from 100
lbs. per square inch to 20 lbs. per square inch. Ans. 27,487 foot-lbs.

7 . Air is compressed in an air-compressor adiabatically. If the initial tempera-
ture is 60° F., find the final temperature. The final pressure is 6 atmospheres.

Ans. 408° F.
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8 . A quantity of air at 60® F. is compressed adiabatically to J its volume, and is

then cooled down to 60® F. at constant pressure. The compressed air is next used
for doing work by expanding adiabatically to the initial pressure. Show that the

ratio of the work done during expansion to that expended during compression =
(J) Prove the formula on which you rely. (Bd. of Ed., Hons., 1893.)

0. Find an expression for the work done by 6 cub. ft. of air, at a pressure of

50 lbs. per square inch, when expanding at a constant temperature of 110® F. into

a volume of 8 cub. ft. State the amount of heat which must be supplied

during expansion, and give reasons for your statement.

Given, hyp. log 2 = 0-69315
hyp. log 10 = 2-30259

(Bd. of Ed., Hons., 1892.) Ans. 21-7 B.T.U.
10 . Find an expression for the efficiency when air at 60® F. is compressed to a

pressure of 5 atmospheres, then cooled down under a constant pressure to 60° F.,

and afterwards used for doing work by expanding it back again to the pressure of

the atmosphere. (Bd. of Ed., Hons., 1891.)

11 . Calculate the work done in adiabatically compressing and delivering 3 cub.

ft. of dry air from atmospheric pressure to a pressure of 76 lbs. per square inch
above the atmosphere. The ratio of the specific heats is 1-408. You may neglect

clearance effects, and take the pressure of the atmosphere at 15 lbs. per square
inch. (Inst. C.E., Feb., 1902.) Ans. 16,210 foot-lbs.

12 . Define the terms “ adiabatic expansion and ‘‘ isothermal ” expansion. In
an air-compressor, 10 cub. ft. of air at a gauge pressure of 5 lbs. per square inch
and a temperature of 60® F. is compressed adiabatically to a gauge-pressure of

105 lbs. per square inch. Find the volume and temi)crature at the end of the
compression. If the compression was isothermal, find the volume at the end of

compression
;
the atmospheric pressure may be taken as 15 lbs. per square inch.

(Inst. C.E., 1905.)

Ans. Final temperature = 414-8® F.
;

final volume = 2*800 cub. ft.
;

if

compression isothermal, final volume = 1*66 cub. ft.

13 . Explain why it is not possible to convert the whole of a given quantity of

heat into work. What is about the best possible efficiency of a steam-engine ?

14 . State Carnot’s principle. Point out the chief conclusions of a practical

kind which have been deduced from this statement. Give the reasoning on which
you found a measure of the efficiency of a perfect heat-engine. (Bd. of Ed., Hons.,
1894.)

16

.

State the two laws of thermo-dynamics, and explain what limitation the
second places upon the first in its application to heat-engines. (Inst. C.E., Feb.,

1898.)

16 . Sketch the indicator diagram of an air-engine working with a Carnot cycle,

and find formulae for the heat exj^ended, the work done, and the efficiency.

(Inst. C.E., Oct., 1898.)

17 . State the first law of thermo-dynamics, and give some account of any
experiment with which you are acquainted by means of which its truth has been
established. The consumption of coal in an engine is 2 lbs. per IJEI.P. per hour,
and each pound of coal may be taken as supplying 10,000 thermal units. Find
what fraction of the heat is usefully employed. (Inst. C.E., Feb., 1899.)

Ans. 12*7 per cent.

18 . Distinguish between the adiabatic and the isothermal expansion of a perfect

gas as regards work done, heat supplied, and efficiency. Prove your expression
for the work done during each. (Inst. C.E., Feb., 1898.)

19 . Show by a sketch, in approximately correct relationship, the curves for the
(a) isothermal, (b) adiabatic, (c) PV^*® = constant, expansion of 1 lb. of air from
a given initial pressure-volume and temperature to twice its initial volume.
State broadly the difference (not numerically) in the variation -in internal energy
between each. (Inst. C.E., Oct., 1902.)

20. What is the law connecting pressure, volume, and temperature of 1 lb. of

air, if at 1 atmosphere and 0® C. the volume is 12-39 cub. ft. ? At 2J atmo-
sjffieres and 130® C., what is its volume? It receives heat energy equivalent to

300,000 foot-lbs. at constant volume : what are its new pressure and temperature ?
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The specific heat of air at constant pressure is 0 238. (Bd. of Ed., Stage
III., 1203.)

Ans, PV=96-83T
;
¥=7*311 cub. ft.

;
152*6 lbs. per square inch

;
T= 1403° C.

21 . Fluid expands from a point on tho diagram where p is represented by 1*5

inches, and t; by 1 inch, to a place where v is 3*5 inches. According to each of the

laws of expansion, pv constant, constant, and constant, find the value

of p at the end of the expansion in each case. (Bd. of Ed., Stage II., 1900.)

Ans, 0-428
;
0*396

;
0*364.

22 . Prove that if 1 lb. of air expands adiabatically the index n in the ex-

pression PV” = constant, is the ratio of tho specific heat at constant pressure to

the specific heat at constant volume.
One pound of air at 364° F. (178*9° C.) expands adiabatically to three times its

original volume, and in the process falls in temperature to 60° F. (15*0° C.). The
work done during the expansion is 38,410 ft. -lbs. Calculate the two specific

heats. (London B.Sc. Eng., 1912.)

Ansioer.—When heat is added to a gas the heat added may either increase tho

energy in the gas or do work, or both processes may take place at tho same time.

From the first Law of Thermo-dynamics—

dQ = dE + dW

where dQ is the heat added
;
cZE is the increase of energy of the gas, and d^ is

the work done. If the quantities are expressed in heat units

—

cZW = P.dV

where J is Joule’s equivalent.

For a perfect gas the energy is a function of the temperature.

.*. dK = k,dT
where is a specific heat.

For constant volume dQ z= k . dT + 0

.*. /c is the specific heat at constant volume, generally written k^,, and is here

assumed to be independent of the temperature.

P dV
/. dQ = MT+-j^ (1)

When the expansion of the gas is adiabatic there is neither gain nor loss of

heat, and dQ = 0.

P
•'

jk,.

The characteristic equation for a perfect gas is

—

PV = BT
where R = (kp — kt)J,

Differentiating P + = (k^ - (3)

dT
Substituting in equation (3) the value of obtained in equation (2)

—

P4.V^-

Integrating, log. P + ^' log. V = 0
rCy
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kp

or PV''^" = G

PV^ = G

is usually written y and = 1'408 for air, the index 7 being the ratio of the
rC^)

specific heats in adiabatic expansion.

In the numerical example, as the expansion is adiabatic there is no addition or

loss of heat.

work done = change of energy
38410 ft. -lbs. = k, X 774(354 - 60)

38410_
” 774 X 294
= 0-168

T /V
Alec 5 = rj;) (p. 21)

460 + 354 _ Y-i

460 + 60
~ ^ '

Taking logs ;
log 814 - log 524 = {7 -I) log 3

and 7 = 1-408 =
' kv

kp rr 1-408 X 0-168

0-23G

23

.

Obtain an expression for the work done when air expands isothermally.

Air at a pressure flows isothermally and without friction through an orifice

where the pressure is p ., ;
what is the relation between Pi and p., for maximum

discharge? (Shefi. Univ.)

Answer. oik done = fp . dV = pp)^ log,. for isothermal expansion (p. 12).

Let V = velocity and A = area of nozzle.
AV An^.V T) V

Weight discharged per second = - = V2 =
V,, PiVy po

also
V“ , Pi~ log/ -

2<j

/. weight discharged -
Ap.,

Pi^x
^gPd\ log, ?!

>2

a/p,v,

This expression is a maximum when its differential = 0, that is, when

log,. = * or ^ = 0-606.
Pz Pi

24. Air enters a single stage compressor at 60'^ F. and at 15 lbs. pressure.

Find the work required per cubic foot to compress it to 90 lbs. absolute
pressure, assuming that the compression curve is of the form PV‘'^ = constant.

After compression the air is cooled to 60° F. and u.sed in a motor. If the air

expands to 15 lbs. pressure, find the work done per cubic foot by the air.

(Neglect clearance.) (Sheffield University.) Ans. 4753 ft.-lbs.
; 2656 ft.-lbs.

25. Five hundred cubic foot of air at 60 lbs. per square inch absolute enter an
air motor per minute and exj)and to 15 lbs. per square inch absolute. Find the
horse-power of the motor, assuming the law of expansion is PV^-^ = constant. If

you use a formula, prove its correctness. What is the final temperature, if the
initial temperature is 228° F. ? (Sheffield University.)

Ans. Horse-power = 155*5
;
final temperature = 40° F.
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20. Show that when air expands adiabatically the index y in the law PV'*' = 0
K

is the ratio assuming the specific heat to be constant.
* • •

27. Find an expression for the work done by an engine m compressmg air

from a pressure and volume Vo to a pressure P, and volume V, and delivering

it at Pj, assuming the compression curve may be represented by the law PV" =
constant.

^ i-
• • j.

Find the horse-power required to deliver 600 cub. ft. of free air per minute

at 60 lbs. per square inch absolute, the initial pressure being 15 lbs. per square

inch absolute. Assume PV'-^ = constant. (Shefiield University.)
Ans. 64 '1 H. P.

28. Find the heat changes per pound of air, and draw up a heat balance for a

refrigerating machine u«ing air as the working fluid under the following con-

ditions
1 X X

Admission pressure to compressor, 15 lbs. per square inch absolute
;
tempera-

ture, 35^ F.
. , r 1 X 1 f

Pressure at the end of compression, 76 lbs. per square inch absolute
;
law of

compression, PV’'“‘‘ = C.

Temperature after passing through cooler = 65^ F.

Pressure after expansion, in expansion cylinder, 15 lbs. per square inch ab-

solute
;
law of expansion, PV^*""’ = C.

Fig. 476a.

Answer ,—Let Pj, Vg and To be the original pressure, volume, and temperature.

V, and Tj the pressure, volume, and temperature after compression.

Pj, V3 and T3 the pressure, volume, and temperature after cooling.

Pg, V4, and T4, the pressure, volume, and temperature after expansion.

P2V0 = RT2
- 15 X 144 X V“ = 53-2 (460 + 35)

V2
=r 12-19 cub. ft.

To find Vi, 75 x V, = 15(12-19)i-2r>

Vi =r 3-363 cub. ft.

To find T,. 75 X 144 X 3*363 = 63*2 T,
a\ = 682-9

Loss of heat in cooler = (682*9— (460 + 65)) x 0*2376

= 37*50 B.Th.U.

(495 - 380*6) X 0-2375

27*2 B.Th.U,
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Net work done = work done during compression ~ work done during expansion
of air.

_ 1-25 X 144(76 X 3-363 - 15 X 12*19) 1*26 x 144(75V3 - 15V,)

(l-'25 -- 1)778
'

“ (1-25 -1)778
5 X 144 X 15^ X

3-363 _ 12-19 - [5V3 - V,J)
778

To find V3 ,

To find V„

net work done =

75 X 144 X V3 = 53*2 x 525
V3 = 2*586 cub. ft.

15 x 144 X V, = 53-2 X 380-6

V, =. 9-374 cub. ft.

5 X 144 X 15 ,

(16-815 - 12-19 - 12*93 + 9*374)
778

*= 14-9 B.Tli.U.

2.— work done7-1
_ 1-408 - 1-25/75 X 3-363 - 15 x 12*19

1-408

= 19-9 B.Th.U.

Heat rejected by air during compression =

~ 1-25/'

1-1 V
X 144

778(1-25 - 1)

1 . . 1*408 - 1-25/75 X 2-586 - 15 x 9-374\ ,,,Heat received during expansion =
-f.408^T'( 778(1-25 - 1)

^ ^

= 15-3 B.Th.U.

Hkat Balance-sheet.

Heat rejected during com- B.Th.U.
pression I

199
Heat rejected during cool-

|

ing 37*5

57*4

Heat abstracted from B.Th.U.
chamber 27-2

Heat received during
]

expansion ... 16*3

Work done on air ... 14*9

57-4

29 . In a type of refrigerating machine using air, the air is drawn from the
refrigerating chamber at a temperature 30® F. (atmospheric pressure 15 lbs. per
square inch), compressed to 76 lbs. per square inch absolute and discharged to a
cooler, where the temperature is reduced to fiO'^’ F, From this cooler it is taken
and expanded to atmospheric pressure and then discharged into the chamber.
The expansion and compression follow the lawful 2 =r constant. Draw up a heat
balance for 1 lb. air, showing

—

(1) Heat abstracted from the chamber.

(
2

)
Heat rejected during compression.

(3) Heat rejected during cooling.

(4) Heat received during expansion.

(5) Heat representing work done.
Take Kp.= 0*2375, 7 = 1-4. (S.U., Hons., 1913.)

Ans7ver .— Heat Balance.

Heat rejected during com- B.Th.U. Heat abstracted from B.Th.U.
pression ...

Heat rejected during cool-

25-54 chamber' ...

Heat received during
21-92

ing 28-66 expansion...^ ...
i

Work done on air ...

20*73

11-55

54-20
j

54-20

[Note that having given K,, and 7 ,
then R = — p^^778 = 52*8.]

2 u
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30. A two-stage compressor delivers air into a large receiver with the object

of measuring the volume of air delivered. Find from the following data the

volumetric efficiency :

—

Stroke in.

Effective area of L.P. piston 103*2 sq. in.

Volume of receiver and connections 984 cub. ft.

Temperature in receiver (final) Tl^^F. (21*7^0.).

Temperature of air entering L.P. cylinder and initial temp.
in receiver 68^ F. (14*46® C.).

Pressure of air in receiver (initial) 14*7 lbs. sq. in. abs.

Pressure of air in receiver (final) 92 lbs. sq. in. abs.

Number of strokes taken to raise the pressure in the receiver 5900

(London B.Sc. Eng., 1913). Ans. Volumetric efficiency = 0*795.

31 On a pressure-volume diagram in which the scales are : Pressure, 100 lbs.

per square inch ~ 1 in. vertical ; volume, 1 cub. ft. — 2 in. horizontally plot a

point A representing J lb. of a gas at a pre.ssure of 200 lbs. per square inch and
at 100® C. temperature, having given that the characteristic equation of the gas

iSj jpV = 0-7Ta), where T is the absolute temperature C., p is the pressure in

pounds per square inch, V is the volume in cubic feet, and u is the weight of the

gas in pounds.
The gas expands to twice the volume shown by the point A according to the

relation PV = a constant. Calculate and write down the temperature of the gas

at the end of the expansion, and mark point B on the diagram which shows its

new state.

Calculate the heat received or rejected by the gas during its expansion from
the state A to the state B. The specific heat of the gas at constant volume
is 0*17. (B. of Ed., 1914. Higher.)

Ans. Temperature after expansion, 100® C.
;
heat received = 16*75 B. Tb. U.

II. PROPEKTIES OP STEAM.

1. Find the pressure of saturated steam at a temperature of 350® F.
Ans. 134'G lbs. per square inch.

2. Draw a diagram illustrating the changes of H, L, p, and B between 102® F.

and 400® F.
Find the external latent heat and intrinsic energy in 1 lb. of steam at 14*7 lbs.

per square inch
;
temperature 212° F.

;
volume of 1 lb. is 26*6 cub. ft.

A71S. E = 72-3
; p + h = 1074*7.

3. Find the total heat, latent heat, internal heat, and external heat of 1 lb. of

steam at a temperature of 373P F.

Find the volume of 1 lb. of steam at a pressure of 150 lbs. per square inch
absolute.

Compare your answers with those given in the Steam Tables, page 453.

4. How much heat has been expended in evaporating 1 lb. of water at 60® F.

into steam at 350® F., the wetness of the steam being 5 per cent. ?

Ans. 1115 B.T.U.
5. A boiler evaporates 8J lbs. of water per pound of coal. The pressure of the

steam produced is 100 lbs. per square inch (temperature 328® P.), feed temperature
60® F. Find the equivalent evaporation from and at 212® F. Ajis. 10*13 lbs.

6. A boiler evaporates 7*3 lbs. of water into steam from feed water at 60® F.

Find the equivalent evaporation from and at 212® F. Temperature of steam,
357® P. The steam produced is 85 per cent. dry. Ayis. 7*78 lbs.

7. A boiler evaporates 9*7 lbs. of water per pound of coal from water at 60® F.

The temperature of the steam is 376® F. Find the equivalent evaporation from
and at 212° F. * Ayis. 11*7 lbs.

8. A boiler produces 8*2 lbs. of wet steam per pound of coal from feed water at
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80” F. Find the equivalent evaporation from and at 212” F. if the steam is

90 per cent. dry. Ans. 8*9 lbs.

9 . A boiler evaporates 7'5 lbs. of superheated steam, the temperature on leaving
the superheater being 650” F. The hied water enters the boiler at 85” F. The
pressure of the steam is 100 lbs. absolute, and the temperature of saturated steam
at this temperature is 328” F. Find the equivalent evaporation from and at 212” F.
Total heat per pound = 11 + 32 — 85 + 0-48(650 — 328). .4 as. 9-95 lbs.

10 . When comparing diflcrent boilers, what do we take as the standard of

evaporation? Food W’atcr, 25” C.
;

steam, 15 per cent, wet; that is, there is

0*15 lb. of water to 0*85 lb. of steam leaving a boiler at 180” C. If 9 lbs. of this

wet steam leaves a boiler for every pound of coal burnt in the furnace, what is the
evaporative power of the coal, reduced to standard units of evaporation ? (Bd. of

Ed., Stage II.,,1903.) Ans. 9-447 lbs.

11. Steam coming from a boiler is led into a tank of water. Show how, by
using thermometers and noting the amount of water in the tank' at various
times, we can find the dryness of the steam leaving the boiler. (Bd. of Ed.,
Stage II., 1904.)

12 . Steam is admitted to a tank containing 190 lbs. of water. The initial

tem];)erature of the water is 55” F., and the final temperature is 78” F. The
steam condensed is 4 lbs. If the pressure of the steam is 150 lbs. absolute
(temperature 358° F.), find the dryness of the steam. Ans. 0-941.

13 . Steam is condensc'.d in a tank containing 300 lbs. of water at 47” F. The
increase in the weight of the ^vater is 8 lbs. and the final temperature is 75” F.
Find the dryness of the steam if the temperature of the entering steam is 341” F.

Ans. 0*896.

14 . Upon what principle does the throttling calorimeter depend ? What is the
maximum percentage of moisture that it will measure ? State the formula for

determining the percentage of moisture.

16

.

The steam in the main steam-pipe has a temperature of 320” F. It enters
a throttling calorimeter, and its temperature after expansion is 267*5” F. and
pressure 21 lbs. per square inch. The temperature of saturated steam at 21 lbs.

is 230-5” F. Find the dryness of the steam. Ans. 0-99.

16 . Steam enters a throttling calorimeter at 344” F., and expands to 19 lbs. per
square inch. The tc'mperature of saturated steam at 19 lbs. per square inch is

225” F. The actual temperature of the steam is 290” F. Find the dryness of

the steam. Ans. 0*996.

17 . Steam escapes from a vessel which is maintained at a temperature
^i, into

a. vessel whose temperature is tn
;
prove that

—

x.-x, = '
'

' Lj

whore x^ and .To are the dryness fractions, and L,, Lo the latent heats. (Inst. C.E.,
1904.)

18 . Describe any method with which you arc familiar for measuring the wetness
of steam. (Inst. C.E., Oct., 1901.)

19 . Draw the three characteristic curves for steam, and say under what
conditions steam follows each of these curves during expansion.

20 . Given the following numbers for steam, use squared paper to find ^ at

150” C. The latent heat of steam at 150” G. is 500*8 in pound-Centigrade units

:

find the volume of a pound of steam at 150” G.

e

i

146 150 155
Pressure in pounds per square foot . 8698 9966 11,380

Prove your formula. (Bd. of Ed., Stage III., 1903.)

To find the Volume of 1 lb. of Saturated Steam .—It is not easy to determine this

volume directly, so it is calculated from other properties of steam which can be
more accurately determined.
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In applying Carnot’s cycle to the steam-engine, the work obtained per pound was

shown to be equal to
L,(T, - T,)

,in heat units, or -
JL,(T, - T,) .

in foot-lbs.

If the temperatures are close together, this expression may be written .

Keferring to the indicator diagram, the length

MN is u ~ w, where u = vol. of 1 lb. of steam, and
w = vol. of 1 lb. of water. Its height = 5P. „ n

VT-':

The area of the diagram = work done = 5P x (u— 'to) ^

. JL5T I
5P(!/, - w) = ~-,j, - S

T-
JL dT

In the limit u -- id — x 7ttT dP
JL dJV

or ?/ = -h tjT X ^
VOLUME

Pin. 477.
The volume of 1 lb. of steam, when calculated

by the above formula, depends upon J, which causes the volume to vary
in different Tables according to whether 772 or 778 has been used in the cal-

culation.

In the example given we find, from plotting on squared paper—

.
JL ^^T

- + q’ X

_ n.mr ^ ^ JL-uujo-t- 150^ 278 '2GB

= 0-172 cub. ft.

O-OIG -b 6156

21 . Derive the formula (v - w) =^ X Steam at 90 lbs. absolute (t = 320),

L = 888*4, the change of pressure for one degree is 1*28 lbs. per square inch : find

the volume of 1 lb. of dry steam, taking w = 0*016. (Inst. O.E., Oct,, 1903.)
Ans. 4*86 cub, ft.

22. What is the volume of 1 lb. of steam at 165^ C., the latent heat being 490

in pound-Centigrade units ? To find ^ approximately, use squared paper and

the following information :

—

Pressure in pounds per square foot

.

1

160 ' 165

12,940
1

i

14,680
170

16,680

Prove your formula. (Bd. of Ed,, Stage III., 1900.) A?is. 4*29 cub. ft.

23. How much heat must be given to 1 lb. of feed water at 40^^ 0. to convert
it into steam which is 10 per cent, wet at 180® C. ? An engine uses 5000 lbs. of

this steam per hour, the indicated horse-power being 180. What is the indicated
energy per hour in heat units? How much heat goes to the condenser or is

radiated ? (Bd. of Ed., Stage II., 1906.)

Ans. 673 heat units
;
indicated energy = 255,900 heat units

; heat to con-
denser = 2,609,100 heat units. t

24. An engine uses 4000 lbs, of wet steam per hour at 170® C., there being 90
per cent, steam and 10 per cent, water. If the feed water was at 20®, how much
heat is supplied ? If the indicated horse-power is 140, how much heat energy is

indicated per hour ? If we imagine no heat to be radiated, and if the circulating
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water of the condenser is raised 10 degrees Centigrade, how many pounds of cir-

culating water are being used per hour? (Bd. of Ed., Stage II., 1901.)

Ans. 4,244,400 B.T.U. ; 366,298 B.T.U. ; 216,000 lbs.

26

.

Feed water 25° C. ; steam 10 per cent, wet ;
that is, there is 0*1 lb. of water

to 0-9 lb. of steam at 170° C. If 26 lbs. of this wet steam enter the cylinder per
indicated horse-power, how much of the heat passes to the exhaust ? If the stuff

leaves the cylinder as saturated steam and water at 105° 0. ,
what is its wetness ?

Neglect radiation or other loss of heat by the cylinder. (Bd. of Ed., Stage III.,

1903.)

Ans. 13,788 heat units per I.H.P. per hour above 25° C. ; wetness, 15*5 per
cent.

20 . Explain fully what occurs when heat is applied to water until it is converted
into dry saturated steam, the pressure being maintained constant during the pro-

cess. Illustrate your remarks by means of the temperature-entropy chart, taking
the following numerical data :

—

Weight of water 1 lb.

Initial temperature of water 100° F.

Pressure of steam 150 lbs. per square inch
absolute

Temperature of saturated steam at thisl

pressure /

Total heat 1191 B.T.U.

How many heat units are required throughout the whole process, and how many
are required for the mere conversion of the wat#r into steam after it has been
raised to the steam temperature ? (Note.—A hand-sketch of the chart will be

sufficient.) (Inst. C.E.,Feb., 1900.)

27 . If water is supplied at 60° F. and evaporated at 120 lbs. pressure per square

inch (t = 341° F.), how many pounds of water will bo evaporated by 5000 thermal
units ? Give full details of your working, and calculate each portion of the heat
addition to the water separately. (Inst. O.E., Feb., 1901.)

Ans. Sensible heat = 281 B.T.U.
;

latent heat = 875*3 B.T.U.
;

total

heat = 1156*3 B.T.U.
;
water evaporated = 4*325 lbs.

28 . Calculate in British thermal units the external and internal heat per
pound of saturated steam which is supplied from a boiler working at a pressure

of 100 lbs. per square inch (absolute).

Number of cubic feet per pound of steam 4*37

Total heat of evaporation from 32° F 1182 B.T.U.
Temperature of steam 328° F.

(Inst. C.E., Oct., 1901).

Ans. External heat == 80*9 B.T.U.
;
internal heat = 1101*1 B.T.U.

29 . Distinguish between the “ internal work ” and the ‘‘ external work ” done
in changing the state of a fluid. If the heat expended in generating a pound of

steam be 1000 thermal units, and the external work done bo 60,000 foot-lbs., find

how much internal work is done. (Inst. C.E., Oct., 1898.) Ans. 922*9 B.T.U.
30. Calculate the number of British thermal units supplied per pound of steam,

starting from water at 70° F., and generated in a boiler at a pressure of 160 lbs.

per square inch (temperature 358° F.), and afterwards superheated to a temperature
of 600° P. You may assume the common value for the specific heat of superheated
steam to be correct. (Inst. G.E., Oct., 1901.) A7ts. 1219*6 B.T.U.
31 . A steam electric generator on three long trials, each with a different point

of cut-off on steady load, is found to use the following amounts of steam per hour
for the following amounts of power :

—

Pounds of steam per hour 4020 6650 10,800
Indicated horse-power . . 210 480 706
Kilowatts produced . . 114 290 436
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Find the indicated horse-power and the weight of steam used per hour when
330 kilowatts are being produced.
Find in the four cases the amounts of steam used per Board of Trade unit (that

is, per kilowatt-hour). (Bd. of Ed., Stage II., 1901.) Ans. 545 I.H.P.
;
7590 lbs.

32. Taking the hypothetical indicator diagram, if the average pressure during
the stroke is

Pi
1 4-logpr

Ps

where is the initial pressure, and is the hack pressure
;
if r, the ratio of cut-off,

is 3, if ^3 is 17, if the area of the piston is 150 sq. in., if the crank is 1*2 feet,

if there are 300 strokes per minute, then the horse-power is

—

P = — b

Find the constants a and 6.

If u is the volume of 1 lb. of initial steam, then the weight in pounds per hour is

—

Find the constant c.

W = c

'/h

Given the following values of;?, and find P and W and tabulate them

Pi GO * 80 1(X) 120

ai 7*03 5*37 4-356 3*G71

, stage II., 1905.) A7ts, a = 2*28

;

b = 55*5; c =

2h 60 : 80
1

100
1

120
P

1
1

127 1 172
I

217
W 2133 ' 2793 ' 3444 4091

33. lijj = 79*03 when 0 ~ 155° C., and j) = 89*8G when 0 IGO^ C., find 0 and

^ when p is 85, assuming that p ~ a{0 + b)\ (Bd. of Ed., Stage II., 1899.)

Answer,-
2) = a{e + hY-, ^ = (0 + by

Cu

p\}.
(. + 6

) = (?)

tip
aS

Substituting in equation (1) to find a—
^

/7903X
155 + 6= (--)

(
1
)

(2>

/. by subtraction we have 5 =
ai ai

160 -f 6 =

. ^ 2*459

i

as

5ai = 0-068

85^ =z 0 063

the units being pounds per square inch and degrees 0,

^ = 0-063 X 85^ =z 0-063 x 34-95 = 2-202
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To find 6, substitute the valve of in (2)

—

l» + » = (73-08)iK54

h = 35*2

To find d—

« + 85-2=(^)‘

d = 193 - 35*2 = 157-8'" C.

34 . The volume of 1 lb. of saturated steam at 160® C. has been calculated by
the well-known formula from latent heat, etc., and found to be 4-82 cub. ft.

What value must have been taken for ? Take Joule’s equivalent as 1393.

Piovetho formula to bo correct. (Bd. of Ed., Stage III., 1899.) Ans. 330.

35 . Define the terms “ superheated” and “ dry saturated ” as applied to steam.
During the trials of an engine using superheated steam, the steam was supplied
at a pressure of 180 lbs. per square inch absolute, and the superheat was SOO'" P.

The engine consumed 12 lbs. of steam per I. If. P. hour, the feed temperature being
120® F. Express the consumption in “ pounds of dry saturated steam ” at the
same pressure, and also in “ pounds of water evaporated from and at 212® F.”

At a pressure of 180 lbs. per square inch absolute, the boiling-point is 347 2® P".,

the total heat of 1 lb. of dry saturated steam is 1,187*9 B.T.U., reckoned from
32® F., and the latent heat is 8G9’4 B.T.U. Take the mean specific heat of the
superheated steam as 0 48. (Inst. C.F., 1905.) Ans. 13-57 lbs. and 15-44 lbs.

36. Steam of wetness fraction Wi is expanded adiabatically from a pressure
to a pressure 7). The expansion curve is jpy" = constant, where n = 1*135 — 0*l2^,

and the specific volume of steam is given by = constant. Find the wetness
of the steam after expansion frompi to jp in terms oi p>> Hence find
the wetness of 5 per cent, wet steam after adiabatic expansion from 150 to 20 lbs.

per square inch absolute. (London B.Sc., 1912.)

Ans. Let ~ the dryness of steam before expansion
= 1—2^1

q., = dryness of steam after expansion
— 1 — w.^

P>(a.V,)" = P.(<7=V,)-' (1)

where Vj and Vg are the volumes of 1 lb. of dry steam before and after expansion
respectively.

Wj = 1 - (1 -
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Substituting the numerical values given in the question

—

l _16
^ 150 \l-135-0-l X0 05”i7= 1-(1 - 005

)( 2o7
-^

1 - 0-95(^i-V
20

;

0*9412- 0-8849

: 0-848

37. Prove that if the Volumes of a fluid before and after undergoing a change

of state at pressure p and temperature T arc and v.^ respectively

—

Ja-
l-’l - X

where A is the heat absorbed in the change and J is Joule’s equivalent.

Apply this equation to determine the volume of 1 lb. of steam at 150 lbs.

pressure, having given that—

P lbs. /O "
\ in B.T.17.

140 353 865-5

150 358-5 801-6

160 363 857-9

(Shefl. Univ.)
Ans. Vol. = 3-03 cub. ft. (See II. 20.)

38 . In a given vapour the relation between the temperature t and pressure p
is given by the expression

—

i =z 140 Vp -f 4

and the latent heat by

—

L = 1200 - 0 5i

where t is measured on the Fahrenheit scale and L in B.Th.U.
These relations are also expressed by

—

t = 77-8 15-5
\

L = 658 - O'bt ]

whore t is measured on the Centigrade scale, and L in pound calories, p in each
case being the pressure in pounds per square inch absolute. Find the specific

.volume of dry saturated vapour when at a pressure of 81 lbs. per square inch
absolute. The volume of the liquid is 0*02 cub. ft. per pound. (London B.Sc.
Eng. 1913.)

Answer.—The formula connecting the volume of a vapour with its pressure,
temperature, and latent heat is

—

M = w +^ (p. 468)

T = i + 400 = 140V8i + 4 + 460
T = 884° absolute, or 424° F.
L = 1200 - 0 5 X 424
= 988 B.Th.U.

cZT
Before finding express T in terms of the pressure in pounds per square foot,

U/Jl

dT , _ 1 dT
or ^ may be taken as



QUESTIONS WITH SOLUTIONS. 473

Expressing T in terms of the pressure per square foot

—

T = 140^^^+460 + 4

where P = pressure in lbs. per square foot

T = 40-41'«/P + 464

then = 40-41 x

Let P = 81 X 144 then^^ = - - - = 0-009001
aP 4 X 144» X 81<

u = — X 0-009001 + 0-02
Oo4:

= 7-847 cub. ft.

39. In a combined separating and wire-drawing calorimeter the following

observations were taken :

—

Total quantity of steam passed through the diaphragm, 62 lbs.
;

water

drained from the separator, 2*7 lbs. ; steam pressure before wire-drawing, 118 lbs.

per square inch absolute (temperature, 340°P.) (171*1'^C.), latent heat, 878-3 B.Th.U.

(488 G.H.U.). Temperature of steam on leaving, 232‘6° F. (111*4® 0.). Steam
pressure on leaving, atmospheric. Find the wetness fraction of the steam on
entry. You may take the specific heat of superheated steam as 0*48. (London
B.Sc. Eng., 1913.) Ans, Wetness of steam = 8*3 per cent.

40. Taking the hypothetical diagram, no cushioning or clearance, expansion
part iw constant, the mean pressure in the forward stroke is

—

jQi(l -f log, r)

r

If the back pressure in the cylinder is 17 lbs. per square inch, and if we look upon
friction as equivalent to a back pressure of 14 lbs. per square inch, what is the

real work done in a stroke of I feet, the area of the piston being A sq. in. ? What
is the volume of steam admitted for one stroke ? What is the work done per

cubic foot of steam if = 100 lbs. per square inch and r = 4 ? (B. of Ed., 1907.)

Answer ,— Mean pressure = |
— 17 ~

14|

= 38*95 lbs.

where P = initial pressure
r = number of expansions = 3

work done per stroke = 38*95 x area X stroke

steam used per stroke = x stroke x -
144 r

1 u* r i.
38*95 X area x stroke x 144 x r

.*. work per cubic foot =
^ area x stroke

= 16830 ft.-lbs.

41.

Steam passes through a throttling calorimeter, where it is reduced in

pressure from 120 lbs. per square inch (temperature, 341® F.) to 15 lbs. per square
inch. The temperature after expansion is 230® P. The temperature of steam at

15 lbs. per square inch is normally 213® F. Find the original dryness of the
steam. The latent heat of 1 lb. of dry steam is approximately 1114 — O'lt

thermal units, where t is the temperature of the steam in, degrees Fahrenheit.
TJie specific heat of superheated steam may be taken as 0*5. (Inst. C.E.,

October, 1913.) Ans, Dryness of steam = 96*6 per cent.
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III. TEMPERATURE—ENTROPY DIAGRAMS.

1 . Find the heat given to 1 lb. of feed water at 40^^ C. to convert it into wet
steam (15 per cent, water) at 170° C. If 25 lbs. of this wet steam roaches the
cylinder per horse-power hour, what percentage of the heat leaves with the exhaust
or is radiated from the cylinder ?

Temperature

1

170° 0. 100° c. 40° C.

Entropy of 1 lb. of water 0*490 0*314 0*137

Entropy of 1 lb. of steam 1*585
1

i

1*748 1*982

Draw a diagram. State in heat units and foot-pounds the energy tliat is

represented to scale by one square inch of your figure. Find the work that would
bo done per pound of this wot steam in a ijerfcct steam-engine (Rankine cycle)

ENTROPY

Fig. 478.

working between these temperatures of 170° C. and 40° C. What is the efficiency

ratio of the engine as compared with this perfect steam-engine ?

Answers must be correct to one per cent. The examiners do not want to be

told how calculations are made by the diagram
; candidate must really

make the calculations correctly. Also, calculation by a formula is not what is here

wanted. (Bd. of Ed., Stage III., 1902.)

Heat required = 7^ 4- xJj = 170 — 40 -f 0-85L
L = 60C‘5 - 0*695 X 170 = 488*4
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heat required = 170 - 40 + 0*85
(
488 -4) = 130 + 416 = 645 units

heat entering cylinder = 545 x 25 — 13,625 units
33000 X 60

heat transformed into work =

percentage to exhaust =
1393

13625 - 1414 12211

= 1414 units per hour

13625 13625
= 0*896 or 89*6 per cent.

The amount of heat converted into work is shown by the area ABCD on the
t ^ (j> diagram.
This area = 283 squares, and each square is equal to 6 x 0*1 = 0*5 heat units

/, total area represents 283 x 0*5 = 141*5 heat units

efficiency = X 100 = 39*9 per cent.

2 . Given the following information, draw sl t — (p diagram ;

—

A quantity of water-steam whose weight is unknown has the volume 6*16 cub.

ft. at 160° 0. It expands adiabatically to 150° C., and then its volume is 26*27

cub. ft.
;
neglect the volume of the water part.

e^c.
(f)

of 1 Ib. of water. '

</) of 1 lb. of steam.
M, the cubic feet of

steam per pound.

160 0*466 1*604 4*827

115 0*354 1*705 16*32
1

What is the iweight of stuff with which we are dealing, and how much of it is

steam and how n^uch of it water at the beginning and at the end ? (Bd. of Ed.,

Hons., 1904.)

On the t --
(p diagram 4*827 cub. ft. are represented by a length measured on

the entropy scale = (1*604 — 0*466) = 1*138.

Therefore 6*16 cub. ft. will bo represented by = 1*^52, and the

total length from the zero line = 1*452 -{- 0*466 = 1*918.

26*27
Similarly, 26*27 cub. ft. are represented by (1*705 — ~

the total length from the zero line = 2*174 + 354 = 2*528.

If the diagram had been drawn for x lbs. of steam and water instead of 1 lb.,

and the mixture had expanded adiabatically, (p would have been constant.

Therefore the additional water required in order to increase the entropy from
2*528 1*918

1*918 to 2*528 = ().400^ 0*354’
water increases the entropy

by 0*466 - 0*354.

total water and steam present at the beginning = + 1 = 6*446 lbs,

of which lbs. are steam = 1*276 lbs.
4*827

1*276
/. dryness at beginning = = 0*192

The steam present after expansion = = 1*61 lbs.
16*32

/. dryness after expansion = ^ , = 0*25
6*446

3 . What percentage of steam initially containing 10 per cent, of moisture will
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be liquefied during adiabactic expansion from 307° F. to 120° F. ? (Inst, G.E., Feb.>

1903.) Ans, Wetness after expansion == 25 per cent.

4 . The entropy of 1 lb. of water for the absolute Centigrade temperature t is

—

<t>
= log,

2̂

Calculate this for two values of the temperature, say 70° C. and 170° C. It is,

of course, 0 at 0° C. Plot the temperature-entropy diagram for water. State

exactly how much heat is represented by the area of 1 sq. in. of your diagram.
(Bd. of Ed., Stage II., 1903.)

6.

Find the entropy added to 1 lb. of water at 181° C. in forming 1 lb. of wot
steam at 181° C. if nine-tenths of it is steam and onc-tenth water.

Sketch the appearance of a water-steam temperature-entropy diagram, and show
how it informs us about liquefaction during adiabatic expansion. (Bd. of Ed.,

Stage II., 1901.) Ans^' 0*9495.

6. Given the following information, draw a t<p diagram. On it mark the point
which shows a pound of water-steam which is 90 per cent, steam and 10 per c.ent.

water at 160° C. Now draw the adiabatic to 115° 0. At 115° C. how much of

the stuff is steam ?

fPC. (p of 1 lb. of water. ^ of 1 lb. of dry steam.

160 I 0*466

115
!

0*354
1*604

1*705

(Bd. of Ed., Stage II., 1904.) Ans. 84*1 per cent.

7 . Explain what is meant by “ entropy,” and show how the change of state of

a fluid consequent on the application of heat is represented graphically by a
temperature-entropy diagram. A fluid receives heat (1) at a constant temperature
of 300° F.

; (2) as the temperature rises at a uniform rate from 300° F. to 500° F.

;

(3) at a constant tomi)erature of 500° F.
;
the quantity of heat received in each

stage being 1000 thermal units. Calculate the change of entropy, and sketch the

diagram. (Inst. C.E., Feb., 1899.) Ans. (1) 1*314; (2) 1*166; (3) 1*041.

8. Show how the heat supplied during the expansion of a mixture of steam and
water is graphically represented on a temperature-entropy diagram. Show that

if no heat is supplied to steam which is originally dry, it necessarily condenses
during expansion, and exhibit graphically the heat necessary to prevent condensa-
tion. (Inst. C.E., Oct., 1898.)

9. A pound of water at 0° C. is heated as water to 145° G., and then converted
into wet steam at the same temperature with 15 per cent, of wetness (p is 60*4 lbs.

per square inch, u is 7*009 cub. ft. per pound). Find its intrinsic energy and its

entropy in excess of what they were at 0° C. (Bd. of Ed., Stage IT., 1900.)

• Ans. 748,655 foot-lbs.
;
1*452.

10 . Show how to construct the entropy diagram for steam, and state the use of

the diagram.
Steam expands adiabatically from being initially wet. Find the change in the

dryness fraction for a given range of temperature. (Inst. C.E., 1904.)

11 . If an indicator diagram of a steam-engine cutting off at ^-stroke and working
between a pressure of 100 lbs. and 30 lbs. absolute were supplied to you, show fully

how you would draw an entropy chart so as to find out the dryness fraction at the

end of expansion. State what additional data would be required. (Inst. C.E.,
Oct., 1902.) •

12 . Given the following information, draw a t<p diagram. A pound of water-
steam at 160° C. expands adiabatically to 115° 0. If 90 per cent, of it is steam at

the beginning, how much of it is steam at the end ? If only 30 per cent, of it is

steam at the beginning, how much of it is steam at the end ?
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1

0 of 1 lb. of
water.

1

0 of 1 lb. of

steam.

w, the cubic
feet of steam
per pound

p, the pressure
in pounds per
square inch.

160 0-466 1-604 4-817 89-86

115 0-354

i

3-705 16-32

!

25-54

What is the actual volume v at the beginning and end in both cases, neglecting

the volume of the water part ? Assume that in each case there is an adiabatic

law like constant, and find n. (Bd. of Ed., Stage III., 1904.)

Ans. 83-6 per cent. ;
33 -5 per cent.

;
4*3^3 cub. ft.

;
13-62 cub. ft.

;

1-445 cub. ft.
;
5*466 cub. ft.

;
1-10 and 0 94.

13. Given the following numbers, draw the temperature-entropy diagram :

—

Temperature
Entropy of 1 lb. of water .

Entropy of 1 lb. of steam .

100° C. 130° C. 160° C.
0-814 0-393 0-466
1*748 1-667

I

1-604

Steam 90 per cent, dry at 160° C. : find its dryness as it expands adiabatioally,

at 130° C. and at 100° C. (Bd. of Ed., Stage III., 3901.)

Ans. 86-1 per cent, and 82 per cent.

14 . Taking the following figures, draw a 6(f)
diagram. State in heat-units and

foot-pounds the energy that is represented to scale by 1 sq. in. of your figure.

Find the work that would be done by 1 lb. of steam 90 per cent, dry at 160° C. on
the Rankine cycle, the lower temperature being 100° 0.

Your answers must be correct to 3 per cent.

Ilie examiners do not want to bo told how calculations are to be made by the
diagram; candidates must really make the calculations correctly. Also calculation

by a formula is not what is here wanted.

Temperature ....
Entropy of 1 lb. of water
Entropy of 1 lb. of steam

160° C. 130° C. 100° 0.
0-465 0-391 0-313
1-603 , 1-668 1*749

Suppose release to take place before 100° G. is reached in the expansion, what
assumption is made to enable us to represent release on the

6(f) diagram? (Bd. of
Ed., Hons., 1903.) Ans. Work done = 65*1 B.T.U.
16 . Sketch the entropy diagram for steam at 190° C. {p = 182*4 lbs. per square

inch), superheated 60° C. above its temperature of production, expanded adiabati-
cally to 40° C. and condensed. Find the work done per pound of steam. What is

the state, of the steam as to dryness at the end of the expansion? (Bd. of Ed.,
Hons., 1900.)

16. Define the term “thermal efficiency.” Work out the formula for the
thermal efficiency of the Carnot cycle for a heat-engine, and for the Rankine
(Clausius) cycle for a steam-engine, or show the meaning graphically by means of

the temperature-entropy chart. Why is the thermal efficiency of the Carnot cycle
greater than that of the Rankine cycle? (Inst. C.E., Oct., 1899.)
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Steam-engine using CarnoVs Cycle,

Let a small amount of water be placed in a non-conducting cylinder. Let there
be two indefinite sources of heat, T, and To, and a non-conductor of heat, N.
Let the water be at the temperature Ti of the hot body. Then, if the hot body

Fig. 479.

be applied, the water will be converted into steam at constant pressure and tempe-
rature. This is represented by the line ab of the indicator diagrain.

Then remove the source of heat Ti, and let adiabatic expansion take place
until the temperature To is reached.

Next apply C. Compress the steam isothermally at T.>, allowing C to take the
heat generated. Stop the compression at d.

Now remove C and apply N, allowing adiabatic compression to take place to the
original temperature T,.

The indicator diagram for the cycle is abed.

The process is evidently reversible. The heat is taken in at Tj and rejected
at T^;

/. the efficiency of the cycle =

The heat received for every pound of water evaporated =

/, the heat converted into work per pound =

Tj - To

T,

Li
(Ti - T,)

Lj X
Ti

In practice the last step is not taken, namely, compressing the substance
adiabatically to the temperature Tj. Thus the substance in practice does not
receive all its heat at the highest temperature, but at temperatures lower than Ti.

Steam-engine not taking in all its Heat at the Highest Temperature (Bankine Cycle),

Let 1 lb. of water be heated from To to Ti, then converted into steam and
expanded adiabatically to To. Let it be condensed at To and returned to the boiler.
To find the heat turned into work.
In this case most of the heat is taken in at Ti, but a certain proportion of it is

taken in between Ti and To.

The total heat converted into work = 2 whore 5Q reprosents the heat

taken in at T.
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Taking the specific heat of water as unity, 8Q = T, tlie heat required per pound
to raise water from to To = Tj -- T,, and the heat required to convert 1 lb. of

water at T, to steam at T, =
Therefore taldng the limifc and integrating, wc have —
Work done per pound

rT
__ f^'dT(T ~ T,) L,(T^ - T,)

~
J T T,

rT,
' rT

= dT- T.,
/

J T„ J T.

,

L,(T
.
- T,)

t,;t
+ T.

Work per pound

== T, - T, - T, log,,

It is obvious that if the whole of the water is

not converted into steam, but has a dryness

then W = T, - T., - log,.

Work done per pound of Steam by an Engine
'using superheated steam and working on the

Rankine Cycle.

The work done is represented by the shaded
portion abedea of the temperature entropy
diagram.

Area abedea = area ynabn — area mafn + area

fbeg + hedk — area hgek
Fig. 479a.

= (T.

where a is the specific heat.

T,) - T., log,. 4 4 <r(T, - T.) - <tT, logo
Ts

T,

17. Obtain the adiabatic equation for steam. One pound of steam is expanded
in a turbine from IGO lbs. absolute pressure to 150 lbs. What is the dryness and
volume of the steam after expansion ? The volume of 1 lb. of steam at 150 lbs.

pressure is 8*01 cub. ft.
; Li = 857-4

;
Lo = 8G1-2

; Ti = 824*4
;
To = 819-3. Find

also the velocity acquired hy the steam.
”

Adiabatic Equation.

The heat required to produce 1 lb. of wet steam from water at To = Tj — To + iCiL.

When this wet steam is expanded adiabaticallv to T., and then condensed, the
T " (T — To)

work done per pound — Tj — T., — T„ log^
,

'

-f a-jL/ ‘
. The heat rejected

Xo -1
2

to the condenser must therefore be the dilTorencc between those two quantities,

namely

—

T, - To 4- .t,L, -

The heat rejected at To is the latent heat at To - xJj.,, if is the dryness
;

[t.
„ ^ ,

T, a-,L,(T, - T„)n a:,L,T.,
T„-T„log„,j,^4-

' J= T.
+ T, log.

Tx

T„

XjiTo
10L^«

T,
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tNTPOPV

Fig. 480.

^2^2 x,L,

T. -L2

This equation may be used to find the dryness
of steam after adiabatie expansion has taken
place from Ti to To, and also to find the volume
of the steam after expansion.

Substituting the numbers given in the ques-
tion, we have

—

..
824-4\

‘
“ 8Gl-2\ 824-4 819-3 )

^ 819-3/ 857-4 N

861 •2\ 824 -4 j

= ^’|(1'040 + 0-005987)

Qi Q.Q

= (T0459) = 0-9954

Steam present after expansion = 0-9954 x 3-01 = 2*995 cub. ft.

In a steam-turbine, if the steam expand adiabatically without doing external
work, all the energy is converted into velocity.. Taking the above case

—

Loss of energy = (.r,Li — .ToLo + ~ fo)

This = l-

'

(;4-4
= 778(857-4 - 0-9954 x 861-2 + 5-4)

” = Uei-i X 5-6 x'778
= 529-7 ft. per second

18 . Find an expression for the Rankine or Clausius thermal efficiency for a
steam-engine receiving saturated steam at the stop-valve temperature T« and
exhausting at T^. Sketch an entropy-temperature diagram, and show by means of

areas how this efficiency may be graphically represented upon it. (Inst. C.E.,

Oct., 1901.)

19 . Describe the Clausius-Rankine cycle commonly emx)loyed as a standard of

efficiency in steam-engines, and obtain an equation for the useful work done per

pound of steam in an engine working with this cycle. (Inst. G.E., Oct., 1898.)

20 . A steam electric generator on three long trials, each with a different point
of cut-off on steady load, is found to use the following amounts of power :

—

Pounds of steam per hour
Indicated horse-power . .

Kilowatts produced . . .

1

'

i

1

4020 6650

1
210 i 480

1

114 290

10,800
706
435

Find the indicated horse-power and the weight of steam used per hour when
S.30 kilowatts are being produced.
Find in the four cases the amounts of steam used per Board of TradO unit (that

is, per kilowatt-hour).

In what way does regulation by varying cut-off differ as to economy of steam
under varying load factors, from regulation by varying the pressure^ letting the

cut-off remain constant ? (Bd. of Ed., Stage III., 1901.)

Ans. 545 I.H.P.
;
7590 lbs. of steam

;
35-26 lbs. ;

22-93 lbs. ;
24-93 lbs.

;

22-97 lbs.

21

.

Answer only one of the following (a) or (b)
:

—

(a) Find the algebraic formula in common use for the effective pressure in
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a cylinder, taking the usual hypothetical indicator diagram; expansion law,

“pv” constant.” Take two cases: when n = 1 and when n has any other value.

Take initial pressure as^i, back pressure as/jg.

(6) If it be taken that 1 lb. of water receives 1 unit of heat for every degree of

rise of temperature, find the entropy of 1 lb. of water at any temperature. Now
write out in terms of the temperature, the entropy of 1 lb. of stuff which is

10 per cent, water, 90 per cent, steam. (Bd. of Ed., Stage III., 1903.)

22. Kankine cycle, perfect steam-engine, with dry steam at t\ expanded
adiabatically to : find a formula for the work done per pound of steam. How
do we find the answer graphically? (Bd. of Ed., Hons., 1899.)

23 . A perfect steam-engine, Rankine cycle
;
given the higher and lower tempe-

ratures and initial wetness or amount of superheating. Using a tep diagram, show
how you would find the work done per pound of stuff. If the stuff is released

before the end of the expansion, show the amount of lessening of work done.

(Bd. of Ed., Stage III., 1899.)

24 . A pound of water at 0° C. is heated as water to 160° C., and then converted
into wet steam at the same temperature, with (p — 09*21 lbs. per square inch,

0*168 cub. ft. per pound) 20 per cent, of water in it. Find its intrinsic energy
and its entropy. (Bd. of Ed., Stage II., 1899.)

Ans. intrinsic energy = 928*6 B.T.U. or 510° C. ; entropy = 1*3837*

26 . Using the following information, draw a $(p diagram for water and steam :

—

IP c. P-
Entropy of

1 lb. of wator.
Entiopy of

1 lb. of steam.

Volume in ciii)!c

feet of 1 lb. of

1

steam.

1

100° 14-7 0*313 1*749 26*43
150°

!
69-2 0-441

1

i

1*623
i

6*168
200°

1

22G 0*556
i

1*536 1 2*031

State the amount of heat that is represented by 1 sq. in. of area of your diagram.
In the expansion of 1 lb. of stuff the following pressures and volumes are given

226 69*2 14*7
1*70 5*56 26*1

Mark these three points on the 0(p diagram. How much heat is given to the
stuff during this expansion? (Bd. of Ed., Stage III., 1905.)

A7ts. 13*2 pound-Centigrade units.

26 . What do you understand by the terms “ wet steam ”
;
“ dry saturated

steam ”
;
“ superheated steam ” ? Calculate the quantity of heat to form 1 lb.

of steam at 100 lbs. per square inch (temperature, 164° C.) from water at 30° C. :

—

i

a) when its dryness factor is 0*9

;

b) when it is dry and saturated

;

c) when it is superheated at constant pressure to 300° C., assuming the
mean specific heat to be 0*526.

Mark on the temperature-entropy diagram the point corresponding to 1 lb.

of steam with a dryness factor of 0*9, and cross-hatch the area representing the
heat added after the water passes the temperature 70° 0.

(Bd. of Ed., 1914, Lower.)
Answer,—The formulae for the total heat and latent heat of 1 lb. of steam

in pound-Centigrade units are

—

Total heat = 606*5 -f 0’306^° (saturated steam)
Latent heat = 606*5 — 0*695r
Total heat = 600*5 -f 0*305^° + (r(t,t — t) (superheated steam)

where t ~ temperature of the steam corresponding to the pressure, and ts is the

2i
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actual temperature of the steam. The numerical answers are ; wet steam, 577*2

C.lI.tJ.
;
dry steam, 626*5 O.H.U. ; superheated steam, 697*9 G.H*U.

27^ Dry steam at a pressure of 160 lbs. per square inch absolute, expands
adiabatically to a pressure of 15 lbs. per square inch absolute. Find from the
temperature-entropy chart the dryness of the steam after expansion and the work
done par pound of steam, assuming the Rankine cycle is followed between these

limits of pressure. If the expansion can be represented by the equation =
constant, find the value of n for adiabatic expansion. (London B.Sc., 1911.)

Answer .—The dryness after expansion from the ^ chart = 0-868

Work jier pound of steam = 13t5000 ft.4bs.

To find the index n select two points on the expansion line, and note the

pressure and volume at each point.

l\ = 160 lbs. ; V, = 2-83 cub. ft.

Vg = 20 ;
P.. = 17-4 lbs.

160 X 2*83‘* = 17*4 X 20’*

Taking logs,

and

_ log 160 - log 17*4
__

2-204
^ ~ log 20 - log 2*83 ” 1-3010

n = 1*134

1 -2045

0-4518

28. Define entropy, and prove that the change in the entropy when water is

raised in temperature from T., to Tj and then completely evaporated is expressed
by-

where Li is -the latent heat at T,.

Calculate the change in the value of
(f>
when water at 72® F. (40"^ C.) is raised to

392® F. (200® C.) and evaporated; L = 841*5 B.Th.U. (467-5 C.H.U.). (Shell.

Univ.) Ans. Increase of entropy = 1*459.

29, Steam 10 per cent, wet, at a pressure of 105 lbs. per square inch absolute,

is expanded adiabatically to 20 lbs. per square inch absolute. Find the wetness
at the end of expansion, and find the weight of steam condensed per pound of

steam used. Find also the heat per pound contained in the steam after ex-

pansion. Use the following data *.

—

1

Press, lbs, per sq. in.
T-mv -K

Entropy of 1 lb. of I’ot’al entropy (»f 1 lb.

abs. water. of steam.

105 331 0*480 1*605

20 227*8 0*387 1*735

(Sheff. Univ., 1914.)

Ans. Wetness after expansion = 17*38 per cent. ; weight of steam con-
densed per pound = 0*074 lb. ; heat in steam after expansion = 990*3

B.Th.U.
30. In a jacketel sioam-engine 20 per cent of the steam admitted to the

cylinder is initially condensed
;
and during the expansion process one half of

the heat’ transmitted to the cylinder walls is returned to the steam in the cylinder

at a uniform rate as the temperature falls. Find the dryness fraction at release.

Initial pressure (absolute) 150 lbs. sq. inch.

Initial temperature 368-5® F. (181*4" C.).

Release pressure (absolute) 40 lbs. sq. inch.

Release temperature 267*3 F. (130*4® C.).

Illustrate your answer by showing what takes place on an entropy-temperature
diagram. (London B.Sc. Eng., 1913.) 4ns. 84*2 per cent.

31. One pound of wet steam expands from an initial pressure of 100 lbs. per
square inch absolute to a pressure of 30 lbs. per square inch absolute, at whicli

pressure it is found to be dry and saturated. Find the quantity of heat received
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or rejected during expansion, assuming that the equation to the expansion curve
is PV = a constant

;
and find the initial dryness fraction of the steam. (Bd. of

Ed., Hiffher, 1913.)
Jjis. Dryness before expansion = 92*9 per cent. ; heat added = 133 B.Th.U.

per pound.
32. Use the temporaturo-ontropy diagram to find to what temperature steam

must bo superheated so that after adiabatic expansion from 50 lbs. per square
inch absolute to 10 lbs. per square inch absolute the steam shall be dry and
saturated. Find the increase in the efficiency of a Kankino engine using steam
in this way (namely, by superheating to just the extent required to cause the
steam to be dry at the end of expansion) compared with a second Rankine engine
working between the same limits of pressure but with no superheating, so that
the steam is dry and saturated when expansion begins. (Bd. of Ed., Higher, 1913.)

Temperature before expansion, 467° F.
;

efficiency of Rankine
cycle (i) with saturated steam, 11-53 per cent., (ii) with superheated
steam, 12- 35 per cent.

IV. THE SLIDE VALVE.

1

.

Prove the correctness of the Zouncr valve diagram.
A valve has an out.sido lap of 1 iii., inside lap of 0*3 in. It is worked by a

gear, giving in two positions the following values of the half-travel and advance :
—

Hal f-travel

Advance

3-12"

.30°

2 *12"

51°

Find the two probable indicator diagrams, neglecting shortness of connecting-

rod. Take any initial and back pressures you please. (Bd. of Ed., Stage II., 1900.)

Proof.—Let DC (Fig. 481) be any position of the crank making an angle a with
the centre line of the engine. Lot OE be the position of the eccentric at the same
instant, and be made equal to half the valve-travel. If EF be drawn at right angles

to the centre line, OF is the travel of the valve from its mid-position, neglecting

the angularity of the eccentric rod. Draw OD perpendicular to 00 ;
then EOD is

tlu; angle of advance. In the Zennor diagram, draw AB equal to half the travel of

the valve and making an angle B equal to angle of advance with AM. Lot AH b*e

the position of the crank, making an angle a with the centre line, and cutting the
small circle in G. It is required to prove AG — OF.

a + 0 + angle EOF = 90°

a -f ^ 4- angle GAB = 90°

angle EOF = angle GAB
Also angle EFO = angle AGB, both

being right angles

and OE = AB
/. the triangles EFO and AGB are

equal

/. AG = OF = travel of the valve

from its mid-position when the

crank makes an angle a with the centre line

2. Having given the laps and the travel of a slide-valve and the angular advance
of the eccentric, show how to find the position of the piston for each event in the
steam distribution in both strokes, the ratio of length between the connecting-rod
and crank being known. (Inst. C.E., Feb., 1898.)

3 . The length of a crank is 14 in., the slide-valve has half-travel of 2J in., its

lap is IJ in., and its lead
J

in. At what distance from the end of the stroke

will the piston be when the steam is cut ofi if the obliquity of the connecting-

rod is neglected ? Prove that the Zeuner diagram gives correct answers when the

motions are simple harmonic. (Inst. C.E., Feb., 1899.) Ans, 11*2 in.
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4. Describe with sketches a piston slide-valve, showing its seat and the cylinder

ports. (Bd. of Ed., Stage II., 1900.)

5 . Show the position of a slide-valve at the beginning of the stroke of an, engine.

A slide-valve has half-travel 2*10 in., advance 40®, lap 1 in., inside lap 0*8 in. : draw
a possible indicator diagram. Prove your valve diagram to be correct. (Bd. of

Ed., Stage TL, 1901.) Ans, Cut-off, 0*68
;
lead, Ji in.

6. Sketch a simple slide-valve, showing cylinder ports and no more of the
cylinder; show the valve in its mid-position. Show in clotted linos the position

of the valve when the piston has just begun its stroke. What do wo mean by
outside lap of a valve, inside lap, advance, and half-travel ? The half-travel is

3*36 in., advance 42"". What simple dia^am enables us to find the distance of

the valve from its mid-stroke for any position of the main crank ? Prove it correct.

Having such a diagram, we obtain the openings of the port to steam or exhaust
by subtracting the outside or inside lap: explain how this occurs. (Bd. of Ed.,

Stage III., 1903.)

7 . Given the travel and advance of a valve, show how we find graphically, for

any position of the main crank, the distance of the valve from the middle of its

stroke. Prove your method to be correct. (Bd. of Jld., Stage II., 1904.)

8 . A slide-valve* has a half-travel of 3 in., and its advance is 55®. Make a
diagram showing the position of the valve for any position of the main crank of

the engine. Prove yourself correct. fBd. of Ed., Stage IT., 1905.)

8 . Prove the truth of the Zeuncr metliod of showing the displacement of a slide-

valve for any position of the crank. Half-travel 2 in., advance 30^, lap
J
in., inside

lap 0‘2 in. : draw the probable indicator diagram, using any initial and back
pressures you please. Measure and write down the positions of the point of cut-off

and of the commencement of the exhaust and compression. (Bd. of Ed., 1899.)
Ana. Cut-off

,
0*805

;
exhaust, 0*95

;
compression, 0*91.

10 . Make a sketch of a Stephenson link motion, and sayiwhat are its advantages
and disadvantages.

Show by the Zeuncr diagram how the points of admission, cut-off, exhaust, and
compression are affected by notching up the link.

11 . In a Meyer valve gear the travel of the main valve is 4 in., and the
angle of advance 22J®. The travel of the expansion valve is 4 in., and the
angle of advance is 90®. Find the distances from the edge of the expansion valve
to the edge of the main valve to cut off the steam at 0*2 and 0*5 of tlie stroke.

An.s. At 0*2, distance = Jin. ;
at 0*5, IJ in.

12 . Find the distance from the edge of the expansion valve to the edge of the
fnain valve to cut off steam at 0*4 of the stroke. Travel of expansion valve 4 in.,

and advance 90'’; travel of main valve 3J in., advance 30®. Find lap of main valve

to cut off at 0*8 of the stroke. Ana. Distance, IJ in.
;

lap, {(lin.

13 . Sketch the steam-chest and cylinder ports of an engine fitted with Meyer’s
variable expansion valves and gear, placing the valves in their central position.

Explain clearly how the valves are worked, and how the cut-off is varied.

In an engine fitted with Meyer’s adjustable expansion valves, the eccentric for

the main valve is sot with an angle of advance of 25®, and the eccentric for the
variable expansion valve or plates is set with an angle of 82®. Both eccentrics

have a throw of 2J in. and the main valve has ([iu. outside lead. What is the
position of the piston measured from tho commencement of its forward stroke

when the main valve opens for steam, the full stroke of the engine being 36
in. ? Determine also, by means of the Zeuncr diagram, the distance the
piston has travelled from the commencement of its stroke when the expansion
valve, as set to its highest grade of expansion, cuts off steam

;
and how much

would the expansion plates require to be moved in order to cut off steam at 0*6 of

the stroke of the piston ? (Bd. of Ed., Hons., 1897.)

Ans, (1) in.
; (2) 3J in.

; (3) IJ in.

14 . What are the advantages of a multiple-ported slide-valve ? Sketch a double-

ported valve, and explain tho use of the relief or equilibrium ring.

15 . Sketch and describe the piston valve, and state under what circumstances

it is used.

16 . The outside lap of a valve is If in., the lead is
J in., and the greatest

opening for steam is IJ in. What is the travel of the valve. Ans. in.
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17 . Draw a Zeuner valve diagram for a valve having |-in. lap, J-in. lead,

negative lap, and mark the points of admission, out-ofE, release, and compression
for a 3-in. travel and a 2-in. travel of the valve respectively.

18. The outside lap of a slide-valve is J in., the lead J in., and the maximum
opening of the steam port for the admission of steam is in. Find the

eccentricity and the angle of advance of the eccentric. Give such sketches as

will show the crank and crank-shaft with the eccentric fixed in correct relative

position for forward running
;
indicate on the sketch the eccentricity and angle

of advance as found above.

19 . A valve has a half-travel of 3 in., advance 35^^, lap IJ in., inside laj)

I in. Draw a possible indicator diagram. Prove your valve diagram to bo

correct. (Bd. of Ed., 1902.)

20 . What is meant by the “angle of advance ” of an eccentric? How would
you find the angle of advance, having given the lap and lead of a valve ?

21 . Prove the truth of the Zeuner method of showing the displacement of a

slide-valve for any position of the crank.

Half-travel 2 in., advance 30®, lap 0*75 in., inside lap 0*2 in. : draw the

probable indicator diagram, using any initial and back pressures you please.

Measure and write down the positions of the j)oint of cut-off, and of the com-
mencement of exhaust and of compression. (Bd. of Ed., Stage 11., 1899.)

Ans, Cut-off, 0*8 in.
;
exhaust, 0*95 in.

;
compression, 0*91 in.

22 . A horizontal engine is fitted with the ordinary slide-valve and a single

eccentric giving a fixed cut-off at, say, three-quarters of the stroke. State clearly

and show by sketches the alterations in the parts that would be necessary in

order that the cut-off should be altered so as to take place at two-fifths of the

stroke. (Bd. of Ed., Stage II., 1899.)

23 . Sketch a piston valve in its mid-position, showing both the valve and the
steam ports in section. Steam is to bo admitted on the inside of the valve. The
valve is assumed to be driven by a simple eccentric gear. Find the angular
advance, the eccentric radius, and the steam lap, so that cut-off may take place
at 60 per cent, of the stroke, that the maximum opening for steam is 2", and that
the lead is J". Neglect the obliquity of the connecting rod. (Bd. of Ed., 1912.)

Answer.—The angle of advance is 220®, or the eccentric is 220 + 90® ahead of

the crank
;
eccentric radius, 5*28 in.

; steam lap, 3*28 in.

Walschaert Valve Gear.

This is a radial valve gear and is similar in principle to the Joy, Hackworth,
and other radial gears. Radial valve gears like link motions allow of ready
reversal and change of cut-off point. This gear is largely used in locomotives.

Fig. 482 illustrates the principle of the gear. A lever VB has one end B con-
nected to the crosshead by a link AB, the other end V being connected to the
valve. A point F between B and F is connected to a link ED which oscillates
about a centre G. The oscillation of the link is produced by a small crank OG
and rod CD. The position of the block R in the link can be readily changed by
the rod H and the levers shown. When R is raised above the centre G of the
link, the engine is reversed.

Radial valve gears may bo considered to consist of two cranks attached to a
lover by connecting rods, one point in the lever being connected to the valve rod.
One of the cranks always makes 90® with the engine crank, and the other crank is

always either 0® or 180® ahead of the engine crank. In the Walschaert gear
the 180 ' degree crank is obtained by placing the point V beyond the point F, so
that the point V always moves in the opposite direction to the crosshoad, if F is

considered as a fixed point. The 90® crank is obtained by placing an eccentric
or some equivalent device at an angle of 90® with the engine crank. The lever
VFP thus has the lower end B controlled by a 180® crank and another point
F controlled by a 90® crank. The point V, which moves the valve, is placed
beyond F.
The gear may bo first examined by considering the block R to be in the centre

of the link
;
then the oscillation of the link by the 90° crank will not move either
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the block R or the point F. Thus the motion of V will depend only on the
movement of the crosshead and the ratio of VF to FB. The point F is selected
so that the half-travel given to F is equal to the sum of the lap and the lead.

When the crank is on a dead centre, the point B will be in its extreme position,

and assuming the block R is in the centre of the link, then the point V will have
moved the valve a distance equal to the lap and the lead from its mid-position,
and the port will bo open an amount equal to the lead.

When the crank is on a dead centre, the 90° crank will bo vertical and the link

will also be vertical and be in its mid-position. As the radius of the link ED

is equal to FR, the block R may bo moved from one end of the link to the other
without changing the position of the point F or the point V. Hence for all
positions of the block in the link the valve is in the same position when the
crank is on a dead centre, or the lead is consianU
The movement given to the block K by the 90° crank depends upon the radius

OC and the ratio of GR to GD. Considering B to bo stationary, the movement

of the point V is greater than the movement of R by the ratio
I* B

An equivalent eccentric and its angle of advance may be obtained which will
give to the valve a similar motion to that given by the gear for any position of
the block in the link. Either a graphical construction or a formula may be used
to find the equivalent eccentric and its angle of advance.
A first approximation may be obtained by neglecting the obliquity of the

connecting rod and eccentric rod, and' considering the motion to be simple
harmonic motion.
Let the engine crank move through an angle 0, measured fpom the dead centre

position
; then the displacement of the crosshead and of the point B from their

central poskions is r, cos e whore r, is the length of the engine crank. The
displacement of V from its central position due to the 180° crank will thore-

VF VF
fore be cos 0 A cos 0, where A =

Again, the displacement of D from its central position due to the movement of
the 90° crank is sin 0 where is the radius of the 90° crank. The displacement

GR
of R from its central position will be The displacement of V from

its central position will be ^ sin 0 = B sin 0, where B = X

^

Hn GD FB GD
Hence the total displacement of the valve from its central position

= ^ = A cos 0 -f B sin 0.
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The value of ^ is a maximum when = 0.

/. differentiating and equating to zero

—

— A sin 0 4* B cos 0 = 0
B

and tan B = .

A

/. angle of advance = 90—0° (see Pig. 483).

The 180° crank is = A, and the 90"" crank = B

/. the equivalent eccentric = OE = Va^ -h B*

from which it will also be seen (Pig. 484) that cotan

B

I

The value A of the 180° crank is fixed in this gear, 433 ,

but the value of B may bo altered by moving the block
R in the link. As B is reduced in value, it can be seen (Pig. 484) that the
angle of advance 4) of the equivalent eccentric becomes greater. When B = 0,

that is, the block, is in the centre of the link, 0 = 90°. When the block 11 is

moved above the central position, B becomes negative and the
engine is reversed.

The advantages claimed for this gear are—
1 . Good and uniform distribution of steam at various cut-

offs and on both sides of the piston.

2 . Simple and easily repaired mechanism.
3. Very convenient when the valves are on the top or under-

neath the cylinder.

24. Make an outline sketch of either a link motion or a
radial valve gear. State briefly the special advantages of the PiG. 484.

type selected. (Inst. M.E., April, 1914.)

26. Sketch in outline the Walschaert valve gear as used in locomotives. In
the Walschaert gear a lever ABO is used. The lower end A of the lever receives
its motion from the crosshead and
moves a horizontal distance of 12 in.

The upper end C works the slide valve.

The point B between A and C receives

its motion from the curved link. The
curved link oscillates 16 degrees on
each side of its mean position, and
the block which slides in the link is

3 in. from its central position. Find
the eccentricity of a single eccentric
and its angle of advance which would
give the same motion to the valve as

is obtained by the gear.

Ratio AB : BO : : 8 : 1 .

(Shoff. Univ.)
Ans. Eccentricity .1 *25, in.

;

angle of advance, 38°.

Valve Diagram Problems.

Problem 1 .—Given the point of cut-
off, the angle of lead, and the greatest
opening to steam, find the steam lap,

Pig. 485.

angle of advance, and the travel of the valve.

Draw any circle, AGP (Pig. 486), and find the position of the crank HD at
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cut-off by selecting the point B so that is the fraction of the stroke at whichAr
cut-off takes place. Draw ED perpendicular to AF to meet the circle ACB at D.
Draw HG making the angle GHF = angle of lead. Bisect the angle DHG by
HK and join DG, which will be perpendicular to HK.
Then HM is to MK in the proportion of the required lap to the port opening,

and the determination of the lap is a matter of simple proportion. Draw KL
making any angle with HK and make KN = the given greatest port opening.
Join MN and draw HR parallel to MN. Then CHK is the required angle of
advance ; KR is the half-travel of the valve, and RN the steam lap.

26

.

Cut-off takes place at | of the stroke
;
greatest opening to steam is IJ in.

;

angle of lead, 4°. Find the angle of advance, steam lap, and travel of the valve.
Ans. Travel, 6 2 in.

;
lap, 1*85 in.

; angle of advance, 4P.
Problem 2.— Given the point of cut-off, the lead of the valve and the greatest

opening to steam, find the angle of advance, the travel of the valve, and the
steam lap.

Draw any circle ACB and find the crank position HD at cut-off as in Problc7n
1. Draw GK parallel to AF, and at a distance from it equal to the given lead.
With centre H draw an arc of a circle MN with a radius = given greatest opening
to steam. Find a circle having a centre L to touch the arc MN and the linos
HD and GK. The centre L is found by trial.

Then HL = the half-travel of the valve, LR — lap, and the angle LHA = the
angle of advance.

27 . A slide valve cuts off at 0 80 of the stroke. The lead is
J

in. and the
greatest opening to steam 1.^ in. Find the angle of advance, the half -travel, and
the steam lap.

Ans. Angle of advance,
;
half-travel, 6*2 in.

;
steam lap, IT in.

P^vblem 3.—Given the point of cut-off, steam lap, and lead, find the travel
of the valve and the angle of advance.

Draw any circle ACB (Fig. 487), and find the crank position HD at cut-off as
in Problem 1. Make HG = lap -f lead, and HK = lap. Bisect HK at L, and
HG at M. Erect perpendiculars from L and M to meet at N. Then the angle
CHN is the angle of advance. HN is the quarter-travel of the valve. The
steam circle of the Zeuner valve diagram may be drawn with centre N and radius
HN.
28. The lap of a valve is 1 in.

; cut-off takes place at | of the stroke
;
lead,

I
inch. Find the travel of the valve and the angle of advance.

Ans. Travel of valve, 3-46 in.
;
angle of advance, 40 .
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Problem 4.—To show the effect of the length of the connecting rod on the out-
off, assuming equal lead at both ends of the stroke.
Assuming the valve diagram to be drawn in the usual manner then, neglecting

the length of the connecting rod, HD (Fig. 488) represents the crank position
EF

when cut-off takes place, and the

fraction of the stroke at which cut-

off takes place on both sides of the
piston.

To find the actual positions of the
piston at cut-off, produce DH to K

;

^hen with a connecting rod say four
cranks long, draw arcs of circles DG
and KM with radii equal to four times
HD. Then the fraction of stroke at
which cut-off takes place on the in-

FG
stroke is and on the outstrokcAF
AM
AF*
Similarly, the positions of the piston

when release, compression, and ad-
mission commence, may be shown for

both the inward and outward stroke
of the piston.

29. The travel of a slide valve is 4 in.
; steam lap, I in.

,
angle of advance,

30°. Find the point of cut-off on both sides of the piston if the connecting rod
is four cranks long. Ans, Instroke, 0*76

; outstroke, 0*82.
30. A piston valve distributes steam to a cylinder by inside admission. Cut-

off is to take place at 70 per cent, of the stroke. The maximum opening of the
steam port during admission is to be 2 in., and the lead is to be J in.
Release is to take place at 97 per cent, of the stroke. Find the steam lap, the
exhaust lap, the radius of the eccentric sheave and the angular advance, neglect-
ing the effect of the obliquity of the connecting rod.

Sketch, to a suitable scale, the valve in its central position over the ports,
using the following dimensions : —Steam ports, 3 in. wide

; distance between
the inner edgms of the ports, 15 in.; width of central port, 8 in. Sketch
also an end view of the crank-shaft, showing the centre line of the main crank,
the centre line of the eccentric sheave radius, and mark on the sketch the angle
between them. (Bd. of Ed., 1914, Higher.)

Ans. Steam lap, 2i in.; exhaust lap, I4 in. The eccentric for a valve having
inside admission is set diametrically opposite to its position with outside
admission. If 9 is the angle of advance for outside admission, then the centre
line of the eccentric is behind the crank an angle of 90°— 0.

Fig. 489 shows the relative positions of the crank and the
eccentric.

31 . The main valve of a Meyer valve gear travels 4 in.,

the angle of advance being 30°
; the expansion valve travels

4J in., the angle of advance being 90°. Find the distance
from the edge of the expansion valve to the outside edge of
the steam port in the main valve, so as to cut off at 0*45
of the stroke. Prove your construction. (Sheffield Univ.)

Ans. 1*G1 in.

The Meyer valve and the construction of the Meyer valve diagram is

explained on p. 84.

iVoo/ of Meyej Valve Diagram .—Let OE (Fig. 490) be the half-travel of the
main valve, and the angle XOE the angle of advance of the main valve eccentric.
Lot OE' be the half-travel of the expansion valve, and the angle XOE' tho angle
of advance of the expansion valve eccentric. Describe circles on OE and OE' as
diameters. Let OP be any position of the crank, then OB is the travel of the
main valve from its central position, and OA is the travel of the expansion valve
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from its central position (see proof of Zeuner valve diagram, p. 483). Therefore

AB is the relative travel of the valy^s.

Join EE' and draw 00 equal and parallel to EE'. Describe a circle on EE' as

diameter, then the chord OD is the relative travel of the valves for the crank

position OP, and is equal to AB.

Join CD, BE, BE'. The angles at GDO, E'AO and EBO are right angles,

being angles in a semicircle. H^nce OD = AB, as they are the projections of

equal and parallel lines 00 and EE' on OP.

V. THE IHDIOATOR.

1 . Steam enters a cylinder at the absolute pressure 120 lbs. per square inch, and
expands according to the law “pv constant.” Neglect clearance and cushioning
and use the ordinary hypothetical diagram. Constant back pressure, 27 lbs. pe

square inch.

Take the following values of the cut-off : half stroke, quarter stroke, eighth of

stroke. Find in each case thq effective pressure. The area of the piston is

1 sq. ft.
;

stroke, 2 ft. What is the work done per stroke ? How many
cubic feet of indicated steam are used per stroke ? What is the work done per
cubic foot of steam entering the cylinder ? Tabulate your answers. (Bd. of

Ed., Stage II., 1903.)

Ans. M.e.p. 74*586, 44*589, 19*191
;
work per stroke in foot-lbs. 21,480, 12,841,

5527 ;
work por cubic foot, in foot-lbs. 21,480, 25,683, 22,108.

2. If the effective pressure in a steam-engine cylinder is taken to be (assuming
no clearance or cushioning)

—

1 -f log,.r

r

where Pj is the initial pressure, pg »the back pressure, and r the ratio of cut-off,

write out the work done in one stroke and the cubic feet of steam admitted for

one stroke, and so find w, the Work done per cubic foot of steam. Itpi = 120,

p 3 = 17, calculate w for some values of r, and plot on squared paper or in any
other way you please

;
find r to give a maximum w, (Bd. of Ed., Stage II., 1904.)

Ans. r = 7*06.

3.

Steam enters a cylinder at 150 lbs. (absolute) per square ijich. It is cut off

at one-fourth of the stroke, and expands according to the law “pz; constant.”
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Find the average pressure (absolute) in the forward stroke. If the back pressure
is 17 lbs. (absolute) per square inch, what is the average effective pressure ? If
the area of the cross-section of the cylinder is 126 sq. in., and the crank is

11 in. long, what work is done in one stroke ? Neglecting clearance and
condensation, what volume of steam enters the cylinder per stroke ?

If the admitted steam has a volume of 3 cub. ft. to the pound, what is the
weight of steam admitted per stroke ? What work is done per pound of steam ?

(Bd. of Ed., Stage IJ., 1901.)

Ans. 89-48
;

72-48
;

16,740 foot-lbs.
;

0-401 cub. ft.
;

0-134 lb.
; 124,925

foot-lbs.

4

.

Take a hypothetical indicator diagram—no clearance, constant back
pressure 17 lbs. per square inch. Let friction of engine be represented by 10 lbs.

per square inch on the piston. Expansion law i)v constant
;
cut-off at one-third

of the stroke
;
area of the piston, 100 sq. in.

;
crank 1. ft.

; 200 working
strokes per minute. Steam of the following initial pressures being admitted, find
in each case the crank-shaft horse-power, and the weight of indicated steam per
hour. Tabulate the results, and plot upon squared paper. The following
information is given :

—

Absolute pressure of admi tted steam ,

)

pounds per square inch . . . j

Cubic feet of 1 lb. of admitted steam

50

8*34

100

4-366

150

2-978

(Bd. of Kd., Stage III., 1901.)

Ans .

—

Pressure of steam admitted . . .

Horse-power
Weight of steam indicated in pounds

50
9-66

666-1

100
52*04

1276

150
94-41

1865

5 . Steam is admitted to the cylinder of a double-acting engine at 80 lbs. per

square inch. The back pressure is 17 lbs. per square inch. The friction of the
engine may be taken to be represented by a back pressure of 8 lbs. per square
inch on the piston. Find the cut-ofi to give maximum actual work per cubic

foot of steam, taking constant” as the law of expansion. Neglect clear-

ance, cushioning, and condensation. If you use a formula for the average pressure,

prove it correct. (Bd. of Ed., Stage III., 1900.) Ans. .

6 . Initial pressure of steam, 180 lbs. x>er square inch
;
back pressure, 17 lbs. per

square inch
;
cut-off at one-third of the stroke

;
area of piston, 112 sq. in.

;
and

length of crank, 1 ft. : what woj’k is done in one stroke ? What is the weight
of steam used in one stroke if the volume of 1 lb. of the steam is 2-51 cub. ft. ?

If there are 200 strokes per minute, what is the indicated horse-power, and what
weight of steam is used per hour, neglecting clearance, condensation, and

^age? (Bd. of Ed., Stage 11., 1900.)

Ans. 24,397 foot-lbs.
;
0*206 lb.

;
2472 lbs. per hour.

1 . .Assuming no clearance; cut-ofi at one-third of the stroke; expansion
according to the law “jpu constant”; what is the mean forward pressure as a
fraction of the initial pressure ? If the cross-section of the cylinder is 144 sq.

in., length of stroke 2 ft., what volume of steam is used per stroke ? If the back
pressure is 17 lbs. per square inch, and there are 200 strokes per minute, find in

the following two cases the indicated horse-power and the weight of steam used

X3er hour. Neglect clearance, condensation, and leakage.

Initial pressure in pounds per square inch
Volume in cubic feet of initial-pressure steam per pound

180
2-51

100
4-356
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Use squared paper to show the weight of steam per hour used by the engine at
any power. (Bd. of Ed., Stage III., 1900.)

8. In question (7), with initial pressure 180, find the mean forward pressure
during a stroke. Neglecting the shortness of the connecting-rod, find the
pressure when the crank makes angles of 0°, 16°, 30°, etc., with its dead point,
and find the average of these. A simple new indicator measures this last, which
is a time average, instead of the true or space average ; what is its percentage
error? (Bd. of Ed., Stage III., 1900.)

0. Calculate the number of foot-pounds of work done per cubic foot of steam
at a pressure of 120 lbs. per square inch (absolute) when expanded four times and
exhausted against a back pressure of 3 lbs. per square inch (absolute) in a non-
conducting cylinder having a clearance of 5 per cent, of the working volume.
(The cubic foot includes the clearance volume.) You may assume hyperbolic ex-
pansion, and that there is no compression, and, further, that release takes place
at the end of the stroke. (Inst. C.E., Oct., 1901.) Ans, 30,053 foot-lbs.
10

.

Use the common hypothetic indicator diagram
;
expansion curve pv con-

stant; ” no clearance or cushioning.
A piston is 1 sq. ft. in area, stroke 2 ft., 200 strokes per minute: find the

indicated horse-power if the initial pressure of the steam is 120 lbs. per square inch.
Take two cases, one in which the cut-off is at half-stroke, tlie other in which the
cut-off is at one-fifth of the stroke. This steam is initially 3'G7 cub. ft. per pound :

find in each case the weight of steam used per hour.
It has been found by observation that in the factory driven by the engine the

number of yards of stuff made per hour is 7 ’81 — 320, where I is the indicated
horse-power. Find the number of yards for each of your two cases. Tabulate
your answers. State also the number of yards per pound of steam in each of the
cases. (Bd. of Ed., Stage III., 1903.)

Ans,—

Cut-off. Mean pressure. i.ir.p.
Steam per

hour
!

Yards per
hour.

i -

Yards per pound
of steam.

i 101 -58 177*3 : 3270 1063 0*3251
1 62*010 109*2 ; 1308 532*3 0*4070

11 . Describe the construction of an indicator and how it is used. Give a sketch
of a specimen indicator diagram from a steam, gas, or oil engine, and describe
what each part means.
What sort of information is given to us by an indicator diagram ? (Bd. of Ed.

Stage II., 1903.)

12 . Sketch indicator cards to show the following defects in a steam-engine

:

(a) excessive compression
;

(b) too early cut-off
;

(c) too early release
;

(d) early
cut-off, valve reopens at } stroke

;
(e) indicator drum working against the stop.

(C. & G., Hons., 1892.)
^

13 . Explain how to find the mean pressure of an indicator diagram containing
loops.

14 . Describe Richards’s indicator, and point out precisely the mechanism by
which the pencil is actuated, giving the reason for the special construction.
The barrel of such an indicator is 2 in. in diameter, and it vibrates through

three-fourths of a revolution. The area of the diagram is 3| sq. in., and the motion
of the pencil is three times that of the indicator piston. Taking the mean pressure
of steam to be 17J lbs. per square inch, find what force corresponds to a motion of
1 in. of the springs. (Bd. of Ed., Stage II., 1892.) Ans. 67*6 lbs.
16 . Sketch and describe the action of an indicator for measuring the power of

an engine. If the scale of an indicator is GO lbs. to the inch, the area of the
diagram 3*98 sq. in., and its greatest length parallel to the atmospheric lino 2J in.,
the crank of the engine being 13 in., the diameter of the cylinder 16 in., and the
number of revolutions per minute 80, find the l.H.P. (Bd. of Ed., Stage II., 1894.)

Ans. 197T.
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10. What data are required for calculating the I.H.P. of a steam-engine? If

the diameter of the cylinder and the stroke of the piston he given, and you had

charge of an engine, how would you proceed to find the other data required to

determine the I.H.P. ? Describe with the aid of a sketch the construction and

action of the indicator which you adopt. (Bd. of Ed., Stage II., 1895.)

17. Describe with sketches the construction of a steam-engine indicator. (Bd.

of Ed., Stage II., 1905.)
. .

18. A single-cylinder double-acting condensing engine has its cylinder efficiently

lagged, and receives steam at an absolute pressure of 90 lbs. per square inch
;
the

cut-off takes place at one-sixth stroke, and the back pressure is 3 lbs. absolute.

What must be the diameter of the cylinder and stroke of the engine in order that

it may indicate 2500 horse-power when running at 50 revolutions per minute?

The stroke of the engine is twice the diameter of the cylinder. Hyp. log 6 = 1;791

Ans. Diameter, 64*6 in. ; stroke, 109 in.-

19. Describe completely the process of estimation of the horse-power of an

engine by the use of an indicator, and by means of other necessary observations.

What must bo the mean intensity of pressure per square inch if, for each

cubic foot swept through by the piston per second, 15 H.P. are developed?

(Inst. O.E., 1905.) Ans. 57*3 lbs. per square inch.^

20. Steam enters a cylinder at 50 lbs. per square inch (absolute), is cut off in

one case at one-fifth, in another case at half the stroke. Find in each case by con-

structioil (you may use a formula if you prove it correct) the average pressure

during the stroke, the back pressure being 17 lbs. per square inch
;

find the

indicated work per cubic foot of steam in the two cases. What objections are

there to very early cut-off ? (Bd. of Ed., Stage II., 1899.)

Ans. 6480 foot-lbs. and 7200 foot-lbs.

21. The mean pressure of the usual hypothetical diagram is—

Pi(l +
- P2

where is the initial pressure, po the back pressure

expansion. Obtain this expression, and
prove that the maximum work per cubic

Pi
foot of steam is obtained when

^ ^
»

neglecting all losses. (Sheffield ITniv.)

Answer .—Let the cross-hatched area in

Fig. 491 represent the hypothetical dia-

gram, the expansion curve following the

law PV = constant.
Take a narrow strip dp.

The area of this strip = v . dp.

Total area between the limits and p^ =

and r is the ratio of

Pi

PsJI
vdp

'

1/'

dp
. PiV^

- since V ~ ~

—

p p

Pi

Pi'^
Ps.

where r = —
Ps

dp . Pilog.- = PlVi loge r\

Total area of diagram = piV, loge r + ^0(^3 — P2)

- P + v-XPs

v»
mean pressure or average height = ~

Vn

Vi

Also P3 =
Pi and ?

Vi

mean pressure - Pl(l + log. »•) _
Pi
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Let F,„. = mean pressure per square foot.

V = volume of the cylinder in cubic feet.

A = area of piston in square feet.

L = length of stroke in feet.

Work per stroke = X A x L.

steam used per stroke with r expansion = ^

work per cubic foot of steam
P,„ X A X L

A X L
= P,« X r

r

Substituting the value of the mean pressure—

Work per cubic foot = ^

^
— p.,

= Pi(l + log. r) - rp.

To find when this expression is a maximum, differentiate and equate to zero.

Then - ». = 0
r

and r=P'
ft

22. The steam cylinder of a pump is fitted with an ordinary D slide valve.

The eccentric radius is 2J in., the angular advance is 40^, and the outside and
inside laps are respectively in. and J in.

The cylinder is supplied with steam at 45 lbs. per square inch gauge pressure,

and the back pressure is 3 lbs. gauge pressure. Assuming that the law both for

expansion and compression is PV = a constant, draw the indicator diagram for

the cylinder, making the length of the diagram 3 in., and using a pressure

scale 30 lbs. per square inch per inch. Cylinder clearance, 15 per cent, of

effective volume
;
atmospheric pressure, 15 lbs. per square inch.

[Neglect the obliquity of the connecting rods.] (Bd. of Ed., 1914, Lower.)
23. Find the mean pressure for the following ideal indicator card :

Admission at constant pressure, 90 lbs per square inch gauge
;
cut-off at 0*35 of

the stroke
;
release at end of stroke

;
exhaust at 3 lbs. per square inch gauge

;

compression so that at end of stroke the initial pressure is reached. Atmospheric
pressure 15 lbs. per square inch. Expansion and compression curves, pv = con-

stant
; clearance, 5 per cent. (Sheffield Univ., 1914.)

Ans. 54 lbs. per square inch.

VI. QUALITY OF STEAM IN THE CYLINDER.

1. We endeavour to prevent condensation in the cylinder of a steam-engine
(a) by a separator, (h) by superheating, (c) by drainage from the cylinder, (d) by
steam-jacketing, (e) by high speed. Explain how each of those methods tends to

effect our object. (Bd. 4)f Ed., Stage II., 1901.)

2. Why is even a small quantity of water harmful in a steam-cylinder ? IIow
do we try to prevent condensation in a cylinder ? If any of the methods serves

some other good purpose, state it. Prove that drainage must be good. (Bd. of

Ed., Stage II., 1905.)

3. Without giving the mathematical investigation, state what is the result of

our study of the cause of the initial condensation in a cylinder. Has it been con-
firmed by experiment ? What is known about steam missing through leakage
past valves ? (Bd. of Ed., Stage III., 1900.)

4. Explain why condensation generally occurs as steam enters an engine-
cylinder, and show that it is a cause of loss. Discuss the various methods which
may be employed to reduce cylinder condensation. (Inst. C.E., Oct., 1898.)

6. State in a general manner how initial condensation in a steam-engine
cylinder is affected by (a) variable rates of expansion

; (5) roughness and extent
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of the surface of ^he piston-head and the inside surface of the cylinder cover

;

(c) steam-jacketing
;
(d) superheating

;
(e) speed of running (i.e, number of strokes

per minute)
; (/) compounding. (Inst. C.E., Oct., 1901.)

6 . Sketch and describe an apparatus for drying steam before it enters the
cylinder.

7 . How would you determine the percentage dryness of steam at cut-off ?

What data would you require ?

8 . Show by an example how, given the clearance volume and volume swept by
the piston, and also the indicator card for a steam-engine, you can calculate at

any point of the stroke after cut-off, the actual volume and weight of the steam
in the cylinder. What information about the working of the engine does this give
you? (C. & G., Hons., 1896.)

9. Explain how the weight of steam present in an engine cylinder at any part
of the expansion process can be measured from the indicator card. (G. & G.,
Hons., 1894.)

10 . Describe the method of applying the saturation curve to the indicator
diagram.

11. Sketch an indicator diagram such as might be expected from a non-
condensing engine with a slide-valve. If the weight of water present during
cushioning is known, and the feed-water per hour is also known, show Jiow we
find how much condensation or evaporation occurs during the exnansion. (Bd.
of Ed., Stage II., 1900.)

12 . Having given an indicator diagram from a steam-engine, and full particulars
as to the scale of the diagram and the dimensions of the engine, show how you
would calculate the weight o'f steam present in the cylinder at any convenient
point in the expansion process. (Inst. G.E., Oct., 1901.)
13 . Given indicator cards for a single-cylinder steam-engine and all necessary

data, explain carefully how you would estimate the dryness of the steam at any
point in the expansion, stating clearly any assumptions involved in the process.
(Inst. C.E., 1905.)

^
•

14 . The cylinder volume of an engine at cut-off is exactly a cubic foot.
Calculate what weight of steam is theoretically shut in the cylinder at cut-off—

(i) If the engine is supplied with dry saturated steam at 100 lbs. per square
inch absolute pressure (corresponding temperature, 164° 0.).

(ii) If the steam is superheated at constant pressure to 200° C., assuming that
the volume of superheated steam is proportional to its absolute temperature.
Why would the cylinder feed per stroke in the actual engine largely exceed

these weights
; and would the excess be greater in the first or the second case ^

(Bd. of Ed., 1914, Liower.)

Ans. In the absence of steam tables, the volume of a pound of steam may
be calculated from the formula

—

= 479

where p is the pressure in pounds per square inch, and u is the cubic
feet per pound. Using this formula, the answers are (i) dry steam,
0*2296 lb.

;
(ii) superheated steam, 0*2121 lb.

15 . From the following particulars determine the dryness of the steam at
f of the stroke, assuming the cut-off tb bo at half-stroke :

—

Volume of cylinder, cub. ft 4-6
Clearance, per cent 5
Pressure of steam at § stroke, lbs. per square inch absolute 60
Volume of 1 lb. of steam at 60 lbs. per square inch ] „ rxn

absolute, cub. ft
/

Pressure at a point 0*8 of the return stroke on the com- \ -q
pression curve, lbs. per square inch absolute . . . . /

Volume of 1 lb. of steam at 19 lbs. per square inch absolute, i nrx o
cub. ft /20-8

Revolutions per minute 100
Condensed steam per hour, lbs 5920

What assumptions do you make in working out the dryness of the steam ?
(London B.Sc., 1911.)
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Ans. Volume of steam in cylinder at cut-olf = f x 4*6 H- 0*23

= 3-105 cub. ft.

3*105
weight of steam present at cut-off = = 0*4331 lb.

volume of steam during compression at 19 lbs. pressure — fjj x 4*6 -f 0*23

= 1*15 cub. ft.

1*15
weight of steam in cylinder during compression —

21*07
~

5Q20
steam used per stroke ~ . - 0*4933 lb.

^ 200 X 60

. r
0*4331

••• = 0-4933 + O-oBre
=

It is assumed that the steam is dry steam when the exhaust closes, and that

there is no leakage of steam past the valve.

19. Find the dryness of the steam after cut-off at three-quarters of the

stroke from the following particulars of an engine trial, assuming no leakage :

—

Condensed steam per hour in pounds 460ft

Revolutions per minute . . 120
Volume of cylinder, cubic feet 3*6

Clearance, per cent ... 5
Pressure of steam in pounds per square inch at f stroke 41*8

Volume in cubic feet of 1 lb. of steam at 41*8 lbs. pressure 10*05

Pressure of steam in pounds per square inch at 0*84 of the 1 .

return stroke and commencement of compression . . f

Volume in cubic feet of 1 lb. of steam at 17*2 lbs. per \ 90.14
square inch /

(Inst. C.E., October, 1913.) A^is. Dryness of steam, 81 per cent.

VII. COMPOUND ENGINES.

1 . Explain fully how the combined indicator diagram of a triple-expansion
engine is made from the three cards taken from the several cylinders. What
advantages and information are derivable from the plotting of the three separate
indicator cards to one scale and on one card? (l^d. of Ed., Stage 11., 1899.)

2 . You are given a set of cards taken from the three cylinders of a triple-

oompound engine. Explain what further data you would require, and how you
would combine them into one diagram. How would you use the diagram you
obtain to compare the amount of work actually done by the engine per stroke
with the amount of work the actual steam admitted could do if expanded
adiabatically down to the release pressure, and exhausted at a pressure corre-

sponding to the actual back pressure in the engine? (G. & G., Hons., 1897.)

3 . Explain the method of drawing a combined diagram for a compound engine.
Take a compound engine with the following dimensions : H.P. cylinder 30 in. in
diameter, L.P. cylinder 57 in. in diameter, and 36 in. stroke in both cylinders.

Steam enters the H.P. cylinder at 70 lbs. absolute, cut-off in both cylinders being
at half-stroke, and the back pressure in the L.P. cylinder being 4 lbs. There is

a large intermediate receiver in the engine.

Construct the probable respective diagrams and combine them, using hyperbolas
for the expansion curves. (Bd. of Ed., Hons., 1892.)

4 . Show how to combine the indicator diagrams for a three-cylinder gas-engine
with cranks at 120^ apart, so as to obtain the turning moment. (Inst. C.E.,
Oct., 1903.)

6 . Show by diagrams the effect of varying the cut-off in the H.P. cylinder, the
cut-off in the L.P. cylinder being constant

;
also the effect of varying the cut-off

in the L.P. cylinder, the cut-off in the H.P. cylinder being constant.
6 . What is the receiver of a compound engine ? Explain what is the influence

of its volume on the diagram.
7. Find the diameters of the cylinders of a compound engine of 500 I,H,P., the
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stroke being 42 in. and the revolutions 80 per minute ; steam-pressure, 120 lbs.

per square inch absolute : terminal pressure, 10 lbs. ; back pressure, 3 lbs.

Ans. H.P. 18 in.
; L.P. 34*3 in.

8 . Find the diameters of the cylinders of a triple-expansion engine of 1000
the stroke of the piston being 54 in., and the revolutions 100 per minute. The
moan pressure to be 35 lbs. per square inch referred to the L.P. cylinder,

Ans. 36*5 in., 24 in., 14 in.

9. Explain the effect of clearance volume (a) on the ratio of expansion

;

(b) on the steam consumption when there is no compression; (c) when there

is compression.
10. What are the advantages of the compound engine over the single-cylinder

engine of the same I.H.P. when both engines work with steam of the same initial

pressure and with the same rates of expansion ? Compare the maximum pressures

on the crank-x)ins of two engines of equal stroke and each working upon a single

crank, when the initial pressure of steam per square inch is in both cases 80 lbs.

absolute, the total expansion 5 times, and the terminal back pressure 4 lbs. per
square inch absolute. In the single-cylinder engine the piston is 20 in. in
diameter, and in the compound engine the L.P. cylinder is 20 in. in diameter and
the H.T^. cylinder is llj inches in diameter. For the comparison consider that
there is no drop in pressure between the two cylinders, but that the terminal
pressure in the H.P. cylinder is the same as the initial pressure in the L.P.
(‘ylinder. (Bd. of Ed., Hons., 1890.) ^?is. 1 : 1’39.

11. Explain carefully, with sketches, how you would combine diagrams taken
from the high- and low-pressure cylinders of a compound engine. (Inst. C.E., 1905.)

12. Find the diameters and suitable stroke of the two cylinders of a compound
engine, so that the power developed may be 120 indicated horse-power at a piston
speed of 600 ft. per minute. Patio of cylinders (by volume) 1 : 3J ;

admission
pressure, 115 lbs. per square inch absolute

; condenser pressure, 3 lbs. per square
inch absolute

;
diagram factor, 0-70

; cut-off in high pressure cylinder, 0'5.

Answer .

—

Mean pressure of ideal diagram r: _ 3

number of expansions r - ^ ^
x 3J — 65

_ 115(1 + log,. 6-5)
mean pressure

6*5

Then 120 =

= 47*77 lbs. per square inch.

Actual mean pressure referred to low-pressure cylinder = 47*77 X 0*70 = 33*44
lbs. per square inch.

Lot do = diameter of low-pressure cylinder.

33*44 X 600 X
33000 x4

and rl/ = 251*3

do = 15*85 in.

Let di = diameter of high-pressure cylinder.

dr :d./ :: 1 : 3j

di = = 8*792 in.

V3J
Assuming a stroke of 18 in.

—

Revolutions per min. 200 per minute.
600

A li

13.

In a triple expansion marine engine to develop 200 I.H.P. at a piston
speed of 700 ft. per minute the volumes <qf the L.P., I.P., and H.P. cylinders are
to be in the ratio 1 : 2*5 : 7*5. The steam chest pressure is 170 lbs. per square inch
gauge, and the exhaust pressure 4 lbs. per square inch absolute. Taking a diagram
factor 0*65 and the cut-off in the H.P. cylinder at 0*6 of the stroke, calculate the
diameters of the cylinders and state a suitable stroke. (Sheffield Univ.)

Ans. Diameters, 22| in.
; 39i in.

; G2J in.
;
stroke, 42 in.

2 K
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14 . Determine the cylinder dimensions of a horizontal compound engine with

trip gear, to develop 600 1.H.P. under the following conditions :—Pressure in steam

chest, 140 lbs. i^er sq. in. gauge
;
vacuum, 26 in. ;

number of expansions, 12 ;
diagram

factor, 0*82
;
piston speed, 650 ft. per minute

;
point of cut-off in high-pressure

cylinder at onc-third of stroke. Determine also the point of cut-off in the low-

pressure cylinder, so that the initial loads may be approximately equal. (B.Sc.

Lond., 1907.)

Ans. Diameter of II. P. cylinder =: 16*6 in. ; diameter of L.P. cylinder

= 33*2 in.
;
cut-off in L.P. cylinder = 0*4.

VIII. SUPERHEATED STEAM.

1 . Write a brief account of the use of superheated steam. An engine of 600 T.II.P.,

under a working pressure of 150 lbs. per square inch absolute and a fei'd-tempe-

rature of 80'-'" P., uses 18 lbs. of steam per l.H.P. hour
;
when the steam is super-

heated to 700*^ F., it uses 11 lbs. per I.II.P. hour
;
express the saving as a percentage

of the original consumption. (Inst. G.E., Oct., 1903.)

Anfi. Saving is 30*1 per cent.

2 . Sketch an entropy-temperature diagram for water and steam, and show how
y^ou would indicate upon it

:
(a) adiabatic expansion of steam having an initial

wetness of 10 per cent., and show how you would obtain the wetness fraction after

it had expanded down to a given temperature
; (6) superheating of the steam, and

indicate the temperature at which it would become saturated if it were adiabatically

expanded. (Inst. G.E., Oct., 1901.)

3. Explain briefly, with a sketch, some form of steam superheater, and state

any precautions which should be taken in the production of highly superheated

steam. Why is loss superheated steam required per hour per horse-power than
when saturated steam is used ? (Inst. M.E., April, 1914.)

4 . Why is it economical to use superheated steam ? Show from a sketch on
the temperature-entropy diagram that the thermo-dynamic advantage of super-

heating is not of much importance. (Bd. of Ed., Stage HI., 1911.)

IX. CONDENSERS.

1 . An engine uses 20 lbs, of steam per hour per I.II.P. How much heat enters
the condenser per hour per horse-power if there is no radiation or leakage ? The
temperature of the steam at the stop-valve is 328^ F.

Ans. 21,063 units of heat.

2 . The temperature of the exhaust steam entering a jet condenser is 130° F.
The temperature of the mixture after condensation of the steam is 85° F.

;
the

initial temperature of the cold-water jet is 45° F. Find the pounds of condensing
water required ijer pound of steam condensed. Ans. 20-7 lbs.

3 . The temperaturaof the exhaust steam entering a surface condenser is 120° F.
The temperature after condensation is 100° F. The initial temperature of the
circulating water is 50° F., and the final temperature 85° F. Find the pounds
of circulating water required per pound of steam condensed. Ans. 30 lbs.

4 . Explain the terms “ heat expended,” “ heat rejected,” and state the relation
which exists between these quantities and the work done by a heat-engine. In a
stationary condensing engine the condensation is effected by the injection of cold
water into the condenser. The net quantity injected is 10 cub. ft. per l.H.P. per
hour, and the rise of tomi)erature on entering the condenser is 30° F. Find what
fraction of the whole heat expended (neglecting radiation and leakage) is usefully
employed. (Inst. G.E., Feb., 1899.) Ajis. 11*96 per cent.

5. Make a sectional sketch of any form of air-pump.
A steam turbine using 12 lbs. of steam per horse-power hour develops 5000

horse-power. The pressure of the steam as it enters the condenser is 1 lb. per
square inch absolute, and its dryness fraction is 0*7, and the temperature of the
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condensed steam leaving the condenser is 33° C. The rise of temperature of the

condensing water is 16° C. How much water does the circulating pump deliver

to the condenser per hour? Temperature of steam at 1 lb. pressure is 38*7° C.,

and this may be taken equal to the water heat. Latent heat of steam at 1 lb.

pressure is 574 Ib.-calorios. (Bd. of Ed., 1914, Lower.) [Note 1 Ib.-calorie = g

B.Th.U.] Ans. 1,529,000 lbs.

6 . Explain, with a sketch, the principle of the jet condenser. Find the weight

of water required to condense 1 lb. of dry steam at 125° F. if the initial tempera-

ture of the ‘Condensing water is 75° F., and the final temperature is 105° F.

(Total heat! of 1 lb. of dry steam at 125° F. from water at 32° F. = 1114 B.Th.U.)

(Inst. M.E., April, 1914.) Ans. 34*7 lbs. per pound of steam.

X. FEED-WATER HEATERS.

1 . Sketch and describe a feed-water boater.

What is the percentage gain when the boiler feed-water is heated from 50° F.

to 230° F., the temperature of the steam in the boiler being 350° F. ?

Ans, 19'7 per cent.

XI. GOVERNORS.

1. A loaded Watt governor. For simplicity take the framework to be a
parallelogram ABCD, the axis being AC, the c.entres of the balls at B and D. If

AB = B(j = 1*2 ft., if the halls are 7 lbs. each, and the load is 150 lbs. + 2 lbs.

because of friction, find the range of speed from r = 0*5 to r = 0*6 ft. if r is

distance of a ball from the axis. Wherein consists the usefulness of the load ?

(Bd. of Ed., Stage 111., 1903.) Ans. Range of speed is 9T revs.

2. What is the centrifugal force of a ball of w lbs. at r ft. from an axis making
n revolutions per minute ?

The whole revolving mass of a governor is equivalent in its effect to that of two
balls each weighing 8 lbs. The construction and loading of the governor and
valve-gtnir are sucdi tliat when each ball is at the distance r ft. from the axis of

revolution, a force F lbs. acting radially outwards from each ball is necessary to

maintain equilibrium. Two sets of experiments are made ; in one F ovei’comes
friction

;
in the other F is assisted by friction.

0*4
i

0*5 0*6

F overcioming friction 19*20 25*00 31*20

F helped by friction .
;

18*44
1

I

24*02 30*04

Find the highest and lowest speeds of the governor between these limiting
values of r. That is, for each value of r find the speed at which the centrifugal
force of a ball has the value F. Tabulate your answers. (Bd. of Ed., Stage II., 1904.)

Ans. C.F. = 0*00034 wrn-
;
highest speed, 138*2 revs.

;
lowest speed, 130*2 revs.

F overcoming friction 19*20 25*00 31*20
71 182*8 135*5 138*2

F helped by friction . 18*44 24*02 30*04
n 130*2 132*9 1356
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Choose a loaded pendulum governor or a Hartnell governor, and explain with
sketches how it governs. Show how we find the speed corresponding to any

position of the balls. (Bd. of Ed., Stage II.,

1905).

4

.

What is the object of loading a governor ?

An equal armed governor is shown in Fig.

492, with the sleeve resting against bottom
stop. Each ball weighs 4 lbs., and the sleeve

itself weighs 14 lbs. At what speed will the sleeve

just begin to leave the bottom stop ? (Bd. of Ed.,

1914, Lower.) Ans. 136*8 revs, per minute.

XII. TURNING EFFORT IN THE CRANK
SHAFT.

1

.

What is a crank-effort diagram? What
data are required to allow it to be drawn, and
how is it applied in finding the fluctuations of

speed in an engine when the dimensions and
speed of the flywheel are known ? (Inst. C.E., Feb., 1898.)

2 . If a piston with its rod weighs 250 lbs., and if at a certain instant when the

resultant total force due to steam pressures is 3 tons, the piston has an acceleration

of 320 ft. per second per second in the same direction, what is the actual force

acting on the crosshead? (Bd. of Ed., Stage II., 1905.) Anfi. 4220 lbs.

3 . If on a piston of 120 sq. in. area and weighing with piston-rod 290 lbs., there
is at a certain instant a pressure of 130 lbs. per square inch on one side more than
what there is on the other, and if the piston’s acceleration at that instant is 420 ft.

per second per second in the direction in which the steam is urging the piston,

what is the total force acting at the crosshead? (Bd. of Ed., Stage II., 19()b.)

Ans. 11,794 lbs.

4 . Show how to find graphically the acceleration of the piston of a direct-acting

engine in any position, the crank-pin being assumed to move uniformly. Sketch
the form of the curve of acceleration (1) on a piston, and (2) on a crank angle base.

Describe generally the influence of the inertia of the piston, rods, and crosshead
on the stresses set up in the crank-pin. The weiglit of the reciprocating parts is

equivalent to 3 lbs. per square inch of the area of the piston. If the length of the
crank be 9 in., find how much the initial effective pressure is reduced by the
inertia of the reciprocating parts when the crank makes 70 revolutions per minute,
the obliquity of the connecting-rod being neglected. (Inst. C.E., Oct., 1900.)

Ans. 3‘75 lbs. per square inch.

5 . A piston and its rod and crosshead weigh 460 lbs. The engine makes
250 revolutions per minute, the crank is 1 ft. long. Make a diagram of the

horizontal force at the crosshead at every point in the stroke
: (1) assuming the

connecting-rod infinitely long; (2) taking the connecting-rod to be 5 ft. long.

State the force at some one place, so that your scale may be checked. Assume no
friction. (Inst. C.B., Oct., 1898.)

0. Show how to find thg acceleration of an engine-piston at each end of its

stroke when the length of the connecting-rod, the length of the stroke, and the
number of revolutions per minute are given. Find the force required for accele-

ration per pound mass of the piston, at each end of the stroke, in an engine with
an 8-in. crank and 30-in. connecting-rod, making 300 revolutions per minute.
(Inst. C.E,, Oct., 1897.) Ans. 25*84 lbs. and 14*96 lbs.

7. If on a piston of 120 sq. in. in area, and weighing with piston-rod 290 lbs.,

there is at a certain instant a pressure of 130 lbs. per square inch on one side more
than what there is on the other, and if the piston acceleration at that instant is

420 ft. per second per second in the direction in which the steam is urging the
piston, what is the total force acting at the crosshead ? If this acceleration occurs
when the piston is one-quarter of its stroke from one end, assuming an infinitely

long connecting-rod, how many revolutions per minute is the engine making?
The crank is 1 ft. long. (Bd. of Ed., Stage III., 1900.)

Ans, 11,794 lbs.
;
276*8 revs.
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8. Crank 1 ft., connecting-rod 6 ft., 160 revolutions per minute : find the accele-

rations of the piston at the ends and at some other point of the stroke, and draw
an acceleration diagram. The weight of piston and rod is 360 lbs., area of piston

150 sq. in. Draw possible indicator diagrams for the two sides of the piston, and
show how wo use them and the acceleration diagram to find the real force at the
crosshead at every point of the stroke. (Bd. of Ed., Stage III., 1906.)

0. Piston 116 sq. in. in area. At the beginning of either stroke there is a

difference of pressure of 90 lbs. per square inch on its two sides, producing total

force in the direction in which the piston is about to move. The piston and its

rod weigh 410 lbs. The engine makes 130 revolutions per minute
;
crank 1 ft.

Neglecting angularity of connecting-rod, that is, assuming that the piston has a
simple harmonic motion, what is the actual force at the crosshead at the beginning
of either stroke ?

What correction must be made when the angularity of the connecting-rod is not
neglected? (Bd. of Ed., Stage III., 1903.) Am. 7994 lbs.

10 . Piston 116 sq. in. in area, crank 1 ft., connecting-rod 5 ft., 130 revolutions

per minute. At the beginning of either stroke there is a difierence of pressure of

90 lbs. per square inch on the sides of the piston, producing total force in the

direction in which the piston is about to move. The piston and its rod weigh
410 lbs. What is the actual force at the crosshead at the beginning of either

stroke? (Bd. of Ed., Hons., 1903.) Ans. 8465 lbs. and 7523 lbs.
^

11 . If on a piston of 120 sq. in. area, weighing with piston-rod 290 lbs., there is

at a certain instant a pressure of 130 lbs. per square inch on one side more than
what there is on the other, and if the piston acceleration is 420 ft. per second per

second in the direction in which the steam is urging the piston, what is the total

force acting at the crosshead ?

If the crank is 1 ft. long and the connecting-rod is 5 ft. long, and if the above

acceleration occurs at the inner dead-point position, find the speed of the engine.

(Bd. of Ed., Hons., 1900.) Ans, 11,794 lbs.
;
215'2 revs, per minute.

12 . Explain what is meant by the pressure due to the inertia of the recipro-

cating parts in a steam-engine, and show how it modifies the effective crank
effort at different points of the stroke. If the revolutions are 400 and the mean
piston speed 1200 ft. per minute show that with a 4 to 1 rod, the maximum inertia

pressure is very approximately 60 times the weight of the reciprocating parts.

(C. & G., Hons., Sec. B, 1903.)

Am. The maximum force required to accelerate the reciprocating parts is

required when the piston is at the head end of the cylinder.

The force required to accelerate the reciprocating parts at this point is

Wv^/ l\
given by the formula

-^^
1 4-

-J,
which may also be written

0'00034WrN^(l + i)

Substituting the values given in the question, the maximum force
= 0-00034 xWxix 400 x 400 xJ
= 61W

13. In a steam-engine the weight of the reciprocating parts is 600 lbs. ; stroke,
2 ft.

; revolutions, 180 per minute ;
connecting-rod, 4 feet long.

Find the force to accelerate the piston, (1) at the beginning of the stroke, (2) at
the end of the stroke, and (3) when the crank is 90® from the dead centre. (Inst.

M.E., April, 1914.)

Aws. Head end, 6895 lbs.; crank end, 4136 lbs.; at 90® from dead
centre — 1379 lbs.

XIII. FLYWHEELS.

1 . The crank-shaft of a gas-engine is giving out steadily 20 horse-power at an
average speed of 160 revolutions per minute. When there are 76 explosions per
minute (each cycle being two revolutions), about how much energy is being stored
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and unBtored by the flywheel ? If the kinetic energy of the flywheel at 150 revo-

lutions is 250,000 foot-lbs., what are the highest and lowest speeds ? (Bd. of Ed.,

Stage II., 1904.) Ans. 150 99 and 149*01.

2 . The flywheel of a rolling-mill engine is observed to change its speed from IW
revolutions per minute to 70 revolutions per minute in 5 seconds when a billet is

passed into the rolls. The moment of inertia of the flywheel is equivalent to 30
tons at a radius of 10 ft. Find the average torque exerted on the crank-shaft

due to the energy drawn from the flywheel in addition to the torque exerted by
the connecting-rods.

Sketch the form of the crank-effort diagram for a single-cylinder double-

acting engine, and explain how you would proceed to draw this diagram from a

given indicator card. (Bd. of Ed., 1914, Higher.) Am. 131,040 Ibs.-ft.

3. Briefly explain how the fluctuation of the speed of a crank-shaft is kept

within narrow limits by means of a flywheel.

What must be the size of a flywheel in order that the maximum speed may
not exceed the mean speed of 60 revolutions per minute by more than 0*2 revolu-

tion per minute when the area of the crank-effort curve cut off by the moan crank-

effort line represents 50 ft.-tons. Give the moan radius of the flywheel and the

weight in tons of the rim, and work out the dimensions on the Jissumption that

the mass of the wheel is all concentrated at the moan radius of the wheel, and
that the speed at the mean radius is limited to 100 ft. per second. (Bd. of Ed.,

1912, Higher.)
Ans. Radius of flywheel = 15*85 ft.

Weight of flywheel = 48*55 tons, assuming cast iron weighs 450 lbs.

per cubic foot.

Cross-section of rim, 349 cub. in.
;
say 12 in. by 29*08 in.

XIV. BALANCING THE ENGINE.
1 . Describe the usual balancing of an inside cylinder locomotive, and what it

really effects. (Inst. C.E., Oct., 1898.)

2. Two engines with the same centre line on opposite sides of a crank-shaft

;

same moving masses
;
cranks exactly opposite, so that there is exact balance of

horizontal inertia forces : what may be done to the connecting-rods to make
perfect inertia balance ? Prove your statement. Is the engine perfectly balanced
now? (Bd. of Ed., Stage III., 1901.)

3. An outline sketch of the crank-shaft of a four-cylinder engine is shown
in figure below. The middle pair of cranks are set at 105^ with one
another, and the reciprocating parts weigh 1*125 tons for cylinder 2, and 1 ton for

cylinder 3. Find the weight of the reciprocating parts for cylinders No. 1 and
No. 4, and the angles between the cranks No. 1 and No. 4 and between the

cranks No. 1 and No. 3, so that the reciprocating parts of the engine may be in

balance amongst themselves. (Bd. of Ed., 1914, Higher.)

_jn
! 1 %TONS
4-

2!

k- -37^'^ -

I TON

5
|

Answer.

-

Fig. 493.

No. of

crank.
Distance of centre of crank

from reference plane.
Weight in tons.

Moment about reference
plane.

1 0 0*8 0
2

!

37’6 ins. 1*125 42*2

3
i

97-5 „ 1-0
!

97*5

4
i

142-5 „ 0*671 95*6

(See over.)
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The plane of No. 1 crank is taken as the reference piano.
Fig. 494 shows the angles between the cranks.
4. The reciprocating masses for the first, second, and

third cylinders of a four-cylinder engine are 4, 6, 8 tons, ^
and the centre lines of these cylinders are 13 feet, 9 feet, V
and 4 feet respectively from that of the fourth cylinder.
Find the fourth reciprocating mass, and the angles bo- ^ \ \

tween the various cranks in order that they may bo ® \ V
balanced. (Bd. of Ed., 1912.) !

^2
Ans. Fourth reciprocating mass = 5*2 tons. The

/
angle between the first and second crank, is I /

144°
;
between the first and third crank, 255°,

and between the first and fourth crank, 55°. i
5. Give any one method for finding the acceleration * d-

of the piston masses in a reciprocating engine, and Fig. 494.
roughly plot the acceleration curve from the following
data :

—

Keciprocating masses weigh 650 lbs.

Stroke, 2 ft.

Connecting-rod, 4 ft. long.

Speed, 200 revolutions per minute.
Write down the acceleration at the beginning and at the end of the stroke.

(Bd. of Ed., 1912.) ^ Ans. 548 and 329 ft. per second per sec.
6. In a three-cylinder engine the distance between the centre and left-hand

cylinder is 18 inches, and between the centre and right-hand cylinder is 24 inches
and the stroke is 30 inches. The reciprocating

*

parts of each cylinder weigh 300 lbs., and the 1

cranks make 120° with each other. Find the iRicm-
maximum value of the unbalanced force and ‘Crank
the unbalanced couple when the engine is 1
making 200 revolutions per minute. (Bd. of I

Ed., 1913.)

Ans. No unbalanced force. Unbalanced
j

couple, 15,000 ft.-lbs.

7.

The sketch (Fig. 495) shows certain di-

mensions of the crank-axlc of an inside cylinder
locomotive. All the revolving masses and
two-thirds of the reciprocating masses are to
be balanced by masses placed in the wheels at
a radius of 30 in. Find the balance weights.
Calculate the maximum valuo of the vertical
force acting on the rails due to one balance
weight when the engine is running at GO miles
per hour.
Diameter of driving wheel, 7 ft.

Stroke, 24 in.

Keciprocating mass per cylinder, 600 lbs.

Unbalanced revolving mass per crank at
crank radius, 660 lbs. (Bd. of Ed., 1913,
Higher.)
Afiswer .

—

Mak Centre ofRBaiI.Wt in this Plane.

Mass Centre ofL.Ba:lWt. IN THIS Plane.

Fig. 495.

No. of
crank or
reference
plane.

! Reciprocat-
ing weight

1

in lbs.

Revolving
weight in

lbs.

i

1

1

Radius in

I

inches.

i

Distance of
crank from
reference

plane.

! Weight
I

X radius.

Moment about
reference
plane.

1 — 318-6
i1 30 0 9,660 0

2 400 650
i

12 18
1

12,600 226,800
3 400 650 ! 12 41 1 12,600 516,600

1 3186 30 69 9,660 664,000
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The right balance weight weighs 318*6 lbs., and is placed at an angle of

156° 19' measured anti-clockwise from the right crank. The left balance weight

weighs 318*6 lbs., and is placed at an angle of 203° 41' measured anti-clockwise

from the left crank. Vertical force due to one balance weight (not the resultant

force) is 16,600 lbs.

XV. STEAM-ENGINE PEKFORMANOE.

1 . If a steam-engine work between the limits of 350° P. and 212° F., what
would be its maximum possible efficiency (a) on the Carnot cycle, (5) on the

Clausius cycle ? State any reasons for choosing one or the other as the standard
of efficiency under given conditions. (Inst. C.E., Oct., 1897.)

Ann. (1) 0*170; (2) 0*159.

2 . The total steam used by an engine was 660 lbs. per hour when the I.H.P.

was 20, and 2100 lbs. per hour when the I.H.P. was 100. Assuming Willan’s

straight-line law to hold, find the consumption of steam per I.H.P. and per B.H.P.
hour, when the engine indicates 25 H.P. and 80 H.P. respectively. You may
assume that the power required to overcome the friction of the engine is 17 I.H.P.

at all loads. This may be solved graphically by setting off the lines to scale in

your answer-book, or it may bo calculated. (Inst. C.Fj., Feb., 1902.)

3 . A particular non-condensing steam-engine working witH 170 lbs. per square incli

absolute i)rossure requires 19 lbs. of feed-water per l.H.l\ per hour. A particular

condensing steam-engine working with the same pressure and 24 in. vacuum
•requires 17 lbs. of feed-water per I.H.P. jjer hour. Show that the ratio of 17 to

19 does not truly represent the relative thermal economy of these two engines, and
obtain the true comparison on the basis of heat-units supplied per I.H.P.

Data.
ji T.U,

Total heat of steam at 170 lbs. per square inch absolute pressure . 1194
Water heat at 212° F 181
Water heat at 24 in. vacuum 110

(Inst. C.E., Oct., 1899.)
If a steam-engine were supplied with steam at 180 lbs. pressure absolute

(^= 373° F.), and had a condenser temperature of 126° F., how many thermal
units would you have to supply to it per I.H.P. per hour if it could turn into
work 50 per cent, as much as an ideal Carnot engine working between the same
limits? (Inst. C.E., Feb,, 1898.)

Ans. 17,200 units of heat from feed-water at 126° F.
4 . What is meant by the “Willan’s law” for a steam-engine? Show briefly

how this law enables you to predict the economy of a given steam-engine imder
varying conditions. (Inst. C.E., Feb., 1903.)
5 . What is the Willan’s rule as to the horse-power and water used ? Show that

it is reasonable to expect such a rule to hold. (Bd. of Ed., Hons., 1903.)
6. A non-condensing engine uses 4000 lbs. of dry saturated steam i)er hour at

160° C. ;
feed-water at 20°^C.

;
the indicated horse-power is 210. What is the

efficiency? How much work is done per pound of steam? If a perfect steam-
engine works on the Kankine cycle between 100° C. and 160° C., what work is

hypothetically possible per pound of steam ? U se the table of numbers given in
III. No. 13. (Bd. of Ed., Stage III., 1901.)

Ans. Efficiency, 11*7 per cent. ; 103,950 foot-lbs.
; 101,600 foot-lbs.

7 . A steam-engine works on the Bankine cycle. Prove that the work done per
pound of steam is

—

where Ti and Tq are the upper and lower temperatures respectively. (Inst.

C.E., 1904.)

8. A non-condensing engine uses 4600 lbs. of dry saturated steam per hour at
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160® C.
;
the indicated horse-power is 200 : how much work is done per pound of

steam ? If a perfect steam-engine works on the Rankine cycle between 100® and
160® 0., what work is hypothetically possible per pound of steam? (Bd. of Ed.,
Stage III., 1906.) Ans. 86,100 foot-lbs.

; 99,560 foot-lbs.

8 . In a certain engine trial it was found that temperature of boiler = 370^’ F.

;

feed-water used = 14 lbs. per I.II.P. per hour
;
temperature of feed = 115® F.

Assuming the boiler to supply dry steam, find the expenditure of heat in thermal
units per I.H.P. per minute, and compare it with the work done. (Inst. C.E.,
Oct., 1898.)

10. Describe the Rankine-Clausius cycle, and show it on a e<^ chart. It is found
from tables that an engine working on a Rankine-Clausius cycle with maximum
efticiency between temperatures 850® F. and 120® F. takes 9900 B.T.U. per I.H.P.
hour. Compare its efficiency with that of an engine working on a Carnot cycle
with maximum efficdcncy between the same temperatures. What is the reason
for the difference in the efficiencies? (Inst. C.E., 1905.)

Ans, 8974 B.T.U. required by Carnot cycle.
Carnot efficiency, 28*3 per cent.
Rankiue efficiency, 25*8 per cent.

11. Find an expression for the work done per pound of steam in a steam-engine
when the steam expands to a pressure higher than the back pressure. Neglect
clearance, compression, and initial cond3nsation. Assume the steam is dry
during expansion (see p. 55).

Ans. Lot ABODE represent the indicator diagram. Fig. 496.

Let Ti = absolute temperature of the steam at B.
T2 = absolute temperature of the steam at D.

— absolute pressure of the steam at D.
= absolute pressure of the steam at E.

Vo — volume of the cylinder in cubic feet.

The total work done is represented by the sum of the areas M and N.

Then area M
where v

but V

/. area M
also L

/. area M

Area N

= fn . dp in foot-lbs.

= the volume of the steam per lb.

= 1437 — 0’7T (see equation (3),

p. 64).

.Ti n437 - 0-7T (dT in foot-

T \
lbs.

..orr .
T, f- 0-7(T, - T2)in

— 1437 logo
I heat-units.

_ {]h ^3)^2 144 fin hoat-
~ ~ vvtt

-
< units.

r:n

T2J

/. Total work done = areas M -f N

= 1437 log<.^’ - 0-7(T.
1 2

rp V , (P2 - P3)ysX 144
r7T7Q

12. Calculate from the steam tables the maximum work obtainable from 1 lb.

of dry saturated steam when working between pressures of 100 and 2 lbs. per

square inch absolute
:

(a) on the Rankine cycle
;

(b) on the Carnot cycle.

Account for the difference obtained. (London B.Sc., 1912.)

Ans. Maximum work, Rankine cycle = 257*5 B.Th.U. per pound.

Maximum work, Carnot cycle = 225*6 B.Th.U. „ „

13. What is the theoretical efficiency of a heat-engine working on the Carnot

cycle ? Explain why a theoretically perfect steam-engine, using highly super-

heated steam, has an efficiency considerably less than that of the Carnot cycle

between the same temperatures. (I.O.E., Oct., 1910.)

14. In a steam-engine regulated by a throttling governor the steam-con-

sumption at 100 H.P. was 2500 lbs. of steam per hour, and at 400 H.P. 6000 lbs.

of steam per hour. Find the steam-consumption at 300 H.P. What law do

2k 3
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you assume in working out this example ? Write down the equation connecting
the horse-power and the steam used. (I.C.E., Oct., 1910.)

Ans. Assuming Willans law, W = 1338 + 11*671, where I is the horse-
power of the engine. At 300 H.P., W = 4834 lbs.

16 . Sketch and t —
<l>

diagrams for the Bankine cycle. Explain where the
following cycle differs from the Bankine cycle. Steam enters a cylinder at a
pressure of 150 lbs. per square inch absolute and expands adiabatically to 10 lbs.

per square inch absolute. Find the work done per pound of steam if the back
pressure is 4 lbs. per square inch absolute. Neglect clearance, compression, and
condensation. How many pounds of steam are required per hour per horse-

power ? (Sheffield Univ.)
Ans. Work per pound = 180,500 ft.-lbs.

Steam per hour per horse-power = 10*9 lbs.

16 . In a trial of a triple-expansion engine the following observations were
made :

—
Steam pressure (absolute) 200 lbs. per square inch

Total heat per pound reckoned from water at 0° C. (32° F.) 1205-6 B Th^
)

Weight of steam entering cylinders per hour 1200 lbs.

Indicated horse power 73*8 ,,

The steam entered a surface condenser and was condensed at a temperature of

66° C. (133° F.), and it was found that 24,000 lbs. of condensing water per hour
were raised through a temperature of 24° C. (43*2° F.). Determine the gross

supply of heat per minute to the engine, the heat equivalent to the I.H.P.,

and the heat leaving the engine in the exhaust steam reckoned from 0° C.

(32° F.).

Determine the amount not accounted for by radiation loss and errors of

experiment, and show your results in the form of a balance-sheet. (London,
B.Sc. Eng., 1913.)

Answer,-^

Gross supply of heat to the engine per minute (above 32° F.)

= X 1205-6 = 24112 B.Th.U.
60

33000
heat equivalent to the I.H.P. per minute = 73-8 X

heat to condensing water per minute =

heat in condensed steam discharged per minute

Balance-sheet.

778
= 3130 B.Th.U.

= 17280 B.Th.U.

_ 12000
= eo

(133-32)

= 2020 B.Th.U.

• B.Th.U.
{

per
minute.

;

B Th.U.
per

minute.

Gross supply of heat to engine . 24,112
j

Heat equivalent to I.H.P. . . 3,130

i
Heat to condensing water . . 17,280

1

Heat in condensed steam . .

’ Radiation loss and errors of

2,020

1

experiment 1,682

24,112 !
24,112

17 . Sketch b, pv and t(p diagram for a steam-engine working on the Bankine
cycle. The admission pressure of steam to a reciprocating engine is 140 lbs. per
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square inch absolute, and the pressure at the end of expansion is 30 lbs. ; exhaust
pressure, 17 lbs. Find the minimum weight of steam required per hour per
horse-power. Where does the above cycle differ from the Bankine cycle ?

(Sheffield Univ., 1914.) Ans. 17*3 lbs.

XVI. THE STEAM-TUBBINE.

1. There are steam-turbines on the so-called reaction principle like Parsons’,
and others on the so-called imimlse principle like Laval’s. Describe how they
differ (in the behaviour of the fluid passing through the moving vanes), and show
in each case how the rule arises as to speed of wheel compared with speed of fluid
before entering the wheel. Why is a very perfect vacuum more important in a
turbine than in a reciprocating steam engine ? (3M. of Ed., Hons., 1905.)

2. Describe with sketches either (a) a Parsons steam-turbine, or (^;) a do Laval
steam-turbine. To what extent and for what reasons is the efficiency of the
turbine you describe affected by the use of superheated steam and by a high
vacuum in the condenser ? (Inst. C.E., 1905.)

3. Sketch and describe any one form of steam turbine with which you are
familiar.

Steam issues from a fixed nozzle of an impulse turbine at a speed of 3000 feet

per second on to a ring of turbine blades. The nozzle is inclined 30 degrees to

the plane of rotation of the vanes. The circumferential velocity of the vanes is

1000 ft. per second. Find the angle of the vane at the receiving lip so that the
steam flows on to the vane from the nozzle without shock. Find the angle of

the discharging lip of the vane so that the pressure exerted on the vane is in the
direction of the vane’s motion. And find the work done per pound of steam
flowing from the nozzle. Find also the maximum amount of work which could
be done by the jet pound of flow. (Bd. of Ed., 1914, Higher.)

Ans. From the velocity diagram the absolute velocity of the steam
leaving the wheel = 1615 ft. per second.

Work per pound of steam

= 99,260 ft.-lbs.

^ r ^ 3000 X 3000
maximum work per pound of steam = ~

= 13^700 iwbs.

Inlet and outlet angles of the vanes to prevent end thrust (neglecting friction)

= 43° U'.

4.

Explain, with sketches, the construction of the rotor of a Parsons turbine

and the method of fixing the blades in the rotor.

If steam leaves the guide and rotor blades of this turbine at 300 ft. per second

relatively to the blades in each case, draw the velocity diagram, find the inlet

angle and the heat given up i)er pound of steam in each row of blades. The mean
speed of the rotor blades is 150 ft. per second, and the exit angle of the blades

is 30°. Neglect all losses. (I.C.E., Feb., 1911.)

Ans. Inlet angle, 54°
; heat given up = 1-09 B.Th.U.

6. Show, by sketches of the “total heat-entropy,” or “ Mollier,” diagram, how
the following required data may be determined :

-
(a) The dryness or superheat of steam which expands through a throttling

valve without loss of total heat.

(b) The work done by 1 lb, of steam expanding adiabatically from a given

pressure and with a given amount of- superheat or wetness to a lower pressure.

(c) The dryness of steam after expansion in a nozzle when the efficiency of the

nozzle is known,
((i) The original condition of steam which has passed through a throttling

calorimeter, when the pressure and superheat of the steam are known at the end
of the expansion. (London B.Sc., 1912.)

6. Find an expression for the velocity acquired by steam when expanding in

a nozzle, neglecting losses.

In a Parsons steam turbine the heat drop per pound of steam in the moving
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and stationary blades is the same and equal to 6 B.Th.U. per minute in each

;

the mean velocity of the blades is 276 ft. per second. Determine the velocity

of the steam entering the blades ; the work done in each sot of blades
;
the

degree of reaction, the efficiency and the horse-power developed per stage,

assuming no losses. Take the exit angles of the blades, 20°. (Sheffield Univ.)

Ans. V = 224 VBTh-U. ; V = 649 ft. per second.

Work done in moving blades = 4668 ft. -lbs.

Work done in stationary blades = 4668 ft.-lbs.

Reaction = O’ 5.

Efficiency = 0’75.

Horse-power per stage = 12*8.

7

.

Dry steam at an initial pressure of 120 lbs. per square inch absolute, is ex-

panded adiabatically down to 80 lbs. pressure absolute in a nozzle which allows
0*4 lb. to pass through it per second. Determine the dryness of the steam and
the sectional area of the nozzle at the lower pressure, using the data given in the
accompanying table :

—

Pressure.

Ibs./o''.
I'emp. Fabr.

Heat of

formation.
Vol. of 1 lb.

eub. feet.

30 250-5
I

1158-3 13-72 0*368 1*687

120
1

341-0 1186*0 3-74 0*491 1*582

(Sheff. Univ.) Ans. Dryness = 0*92
;
area = 0*6194 sq. in.

8. Steam enters the nozzles of an impulse turbine from rest, and there is a

loss of 10 per cent, of the available heat energy of 19 B.Th.U. The peripheral

speed of the wheel is 380 ft. per second. The nozzles are inclined to the wheel
at an angle of 20*^. Find the combined efficiency of the blades and nozzles,

assuming the blades are symmetrical and that the exit velocity of the steam is

85 per cent, of the inlet velocity. (Sheff. Univ.) Ans. Efficiency = 0’726.

9. Find an expression for the work done per pound of steam in a Do Laval
turbine having equal outlet and inlet blade angles. Neglect all losses. Find an
expression for the maximum efficiency.

Draw the velocity diagram for a De Laval turbine having the nozzles inclined

to the blades of the wheel at an angle of 20^^, and determine the efficiency if the
steam velocity is 2400 ft. per second

; the peripheral velocity of the rim being

1000 ft. per second. What is the inlet angle of the blades for the steam to enter

without shock? (Sheffield Univ.) Ans. 9 ~ 32°; efficiency, 0*87.

10 . Dry steam expands adiabatically from 160 lbs. per square inch absolute

to 15 lbs. absolute. Find the dryness of the steam after expansion and the

heat converted into work per pound of steam.
Wet steam at a pressure of 200 lbs. per square inch absolute passes through

a throttling calorimeter where the pressure is 21 lbs. absolute and the super-

heat 25°. Find the dryness of the steam before expansion. (You may use your
MoUier chart for these examples.) (Sheffield Univ.)

Ans.^ Dryness after expansion = 0*87.

Heat converted into work per pound = 172 B.Th.U.
Dryness of steam before expansion = 0’96.

11 . Dry steam at a pressure of 100 lbs. per square inch absolute is expandea
adiabatically in a properly designed nozzle to 2 lbs. per square inch absolute.

The heat drop is 225 B.Th.U., and 90 per cent, of this is converted into kinetic

energy. Find the velocity of the steam at exit, neglecting any initial velocity,

and find also the quality of the steam at exit. (Sheffield Univ.)
Ans. 3187 ft. per second ;

dryness, 0*85.

12 . If the adiabatic expansion of dry steam is given by = constant, and
if the density of dry steam is given by where A is constant, show that the
dryness of dry saturated steam after adiabatic expansion from Pj to Pg is given

/p \.050

‘Kf:)
•

Hence show that if the expansion is adiabatic the dryness of the steam at the
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throat of a convorgont divergent nozzle of the Do Laval typo is about 0*97, the
steam being dry saturated at the entry to the nozzle. (Sheffield Univ.)

Answer.— Pi
*^35

where Vg = volume of wot steam after expansion.
(1)

Density = ^

y- = AP,®-*! (2)

and ^ zr aP./ »^
(
3
)

where V = volume of dry steam at

V /P,

.1.0 V, = (j5!')rBV.

\ ^ /

Substituting for Vi and inverting

—

/P„Y-94
V, Ip.) /P,

V • /P.A ' VP>
y)‘

0.59

The relation between Pj and Pg at the throat of a Do Laval nozzle is given by

—

( 1̂ )
- 0-576 (p. 398).

/. dryness at the throat = (0*575)^’^^'^

= 0-97

13. Dry steam enters the fixed blades of a Parsons turbine at 160 lbs. per

square inch and expands adiabatically to 160 lbs.
;
the steam further falls to 140

lbs. in the moving blades. Draw the velocity diagram, assuming the exit angles

to be 25° and the peripheral speed to be 200 feet per second. You may use the
Mollier chart. (Sheff, Univ.)

14. In a section of a turbine of the Parsons type an expansion consists of n
rings of moving blades. It is arranged to have equal heat drops in fixed and
moving blades. Kxpress the work done per pound of steam on the moving blades in

terms of the peripheral velocity w, the steam velocity and the exit angle of the
blades 6. lin — ~ 150 ft. per second, 1; = 375 ft-, per second, Q = 20°, and if

the weight of steam passing through the blading is 40 lbs. per second, find the
horse-power developed in the section. (Shelf. Univ., 1913.)

Ans. Horse-power = 1316.

16. Show how to determine, by aid of a T(p diagram, the dryness fraction of

steam when expanded adiabatically. Dry steam, at an initial pressure of 100
lbs. per square inch absolute, is expanded adiabatically down to 20 lbs,

absolute in a nozzle which allows 1 lb. to pass through it per second.

Determine the dryness of the steam and the sectional area of the nozzle at the
lower pressure, using the data given in the accompanying table :

—

Pi’essure in

pounds per
square inch.

Temperature. Total heat.
Volume,

cubic feet.

Entropy.

Water. Steam.

20 108*9° 0. 643*2 O.H.U. 20*0 0*337 1*736
(228° F.) (1157*8 B.Th.U.)

100 164*2° C. 662*0 G.H.U. 4*44 0*475 1*609
(327*6° F.) (1191*6 B.Th.U.)

j

(London B.So. Eng., 1913.)
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Ans. Dryness after expansion = 0*91.

Volume after expansion = 18*198 cub. ft.

Area of nozzle at lower pressure = 1*069 sq. in.
16 . Steam enters the nozzle of a De Laval turbine and expands to the con-

denser pressure. The theoretical beat drop is 230 B.Th.U. per pound, but 10 per
cent, of the energy is lost in friction. Draw the velocity-diagram of the steam
passing through the turbine if the relative velocity at exit is 86 per cent, of the
inlet velocity. Find the efficiency of the nozzle and vanes, assuming the steam
enters the vanes without shock, and that the inlet and outlet angles of the vanes
are equal. The peripheral velocity of the wheel is 1200 ft. per second. The
nozzles are inclined at an angle of 20^^ to the plane of the wheel. (Inst. C.E.,
October, 1913.) Ans. Efficioncy of nozzle and vanes, 0*70.
17 . What is the principle involved in the calculation of the velocity with

which steam issues from a nozzle, assuming that the flow is adiabatic and
frictionless ?

Dry saturated steam, at 150 lbs. pressure per square inch absolute, is

supplied to a nozzle and flows through it into a condenser where the pressure is
3 lbs. per square inch absolute. Assuming that the flow is frictionless and
adiabatic, find the velocity with which the steam issues from the nozzle

; the
wetness of the steam

;
and the discliargo in pounds per minute i)or sejuare inch

of the minimum cross-section of the nozzle. (Bd. of Ed., 1913, Higher.)
Ans. Velocity = 3620 ft. per second.

Dryness = 0*81.

Discharge per minute = W = = 128*6 lbs. per minute.
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Ejector condenser, the, 186

Klectiioal units, 2

Engine frames, 274

Entropy, 41

chart, Plate I.

, table of, 458
Equivalent eccentric, 81

Evaporation, equivalent, 33
Evaporative condenser, the, 187

Expansion, adiabatic, 13

, isothermal, 12

regulator, 79

, useful limit of, 105
valve gear, 76

Meyer, 84

F.

Feed heating from receiver, 192

water filters, 196

heaters, 191

Five-crank engine, 365
Flywheels, 245

, weight of, 246
Frames of engines, 274
Friction, 275

, distribution of, 276
in turbines, 443

(4.

Gases, specific heat of, 10

Goss on locomotive performance, 38i

Governors, 200

H.

Hartnell governor, 216
Heat accumulator, 421

, efficiency of, 23
energy areas, 15

exchange areas, 123
Hirn’s anal3?sis, 120
Horse-power, definition of, 2

I.

Impulse turbines, 405
Inchmona’s engines, 365*

Increase of initial steam-pressures, 306
Independent condenser, 184
Indicated horse-power, 2, 106
Indicator, the, 90

diagrams, 98, 134
j correction for inertia, 237,

243
, reducing motions, 95

Inertia, definition of, 237
, effects on crank effort, 239
, balancing effects, 277

Initial condensation, 111, 168

Injector, the, 172

, efficiency of, 176

, automatic, 177

Internal energy, 9

Isothermal expansion, 12

J.

Jacket. See Steam-jacket
Joule’s law, 9

Joy’s valve-gear, 374, 377

!
K.

Kershaw’s acceleration curve, 285
Kinetic head, 389
Klein’s diagram of acceleration, 283

L.

Labyrinth glands, 419
Lap of valve, 60
Latent heat, 28

Lead of valve, 60
Liners of cylinders, 253
Link motion, 77, 376
Load factor, 316

, rated, 315
Locomotive, the, 368

, compound, 382
Logarithms, hyperbolic, 422
Lubrication, Dewrance on, 271

in turbines, 449
Lubricator, sight-feed, 198

M.

Marine engines, 363
Mean pressure, 107, 136

indicator, 451
ratios, 457

Mechanical efficiency, 275
Metallic gland-packing, 255
Meyer expansion valve, 84
Mill engines, 363
Mollier diagram, 422

N.

Napier’s formula, 174, 397
, proof of, 397

Nozzles for turbines, 396
Nozzle design, 399

P.

Parsons* steam turbine, 410
Patterns for cylinders, 235
Peache engine, 351

Performance of steam-engines, 300, 845,

366, 880
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Pickering governor, 218 '

Piston-valves, 25(1

velocities, 227
Pistons, 25G
Power, definition of, 2
Pressure head, 389
Prcissures, increase of, on the, 306
Proell governor, 217

valve gear, 329

Q.

Quality of steam, 110
Questions, 459
Quick-revolution engines, 348

R.

Rankine cycle, 58
Rated load, 315
Reciprocating parts, acceleration of, 238
K(‘ducing valves, reduction of pressure

by, 3>08

Re-evaporation, 112
Regulator valve, 378
R(‘uleaiix diagrams, 71, 88
Reversibility, 22
Rigg, tests of Westinghouse engine, 310
Ripper’s mean-pressure indicator, 417
Rotation, effect of speed of, 317

S.

Safety-valve for locomotive, 378
Saturated steam pressure and tempe-

rature, 26
Saturation curve applied to indicator

diagram, 110
Scott-King design for high-speed engines,

357
Separator, the, 111

Shaft governor, 218
Short-stroke (jylinder surface, 164
Sight-feed lubricator, 198
Single-acting engim'S, 348, 351

and double-acting engines, stresses

on pins, 361
Sisson’s connecting-rod, 271

engine, 360
Slide-valv(\ 60

, balanced, 63
, doublti-ported, 62
, piston, 63

Specific heat, definition of, 5
of gases, 10

Springs, 221
Steam, condensation due to expansion

of, 114

, consumption curves of, 314

I

Steam, density and volume of, 32

I

, dryness tests for, 34

I

engine performance, 300

, flow of, 56

, formulae for work done per pound,
54

jacket, 166
pressure, increase of, 306

, properties of, 25

, specific heat of, 27
,
“ state point ” of, 53

, superheated, 146
—— tables, 420

, total h(?at of, 28
, weight of, accounted for by indi-

cator, 1 15

,
,
used by tlie engine, 305

Superheated steam, 146

, efficiency of, 148

, gain by, 151

, lubrication with, 151

, performance of, 317

I , regulation of, 162
i

^
specific heat of, 147

^ total heat of, 147

I

^
ill turbines, 443

Superlieaters, 158

T.

Tangential pressure on crank, 229

Temperature, absolute, 8

, definition of, 6

, mean, of cylinder walls, 113

, range of, 1 1

3

Temperature-entropy diagrams, 41, 118,

148, 474
,

,
applications of, 46

Thermal efficiency of engines, 56

injector, 176

^ riiport of Committee of Inst.

C.E., 300
Thermal unit, British, 5

Thermodynamics, first law of, G

of gases, 5

, second law of, 7

Thom on marine engines, 365

Tractive force of locomotive, 379
Train resistance, 379
Turbine, Blading design, 423, 437

, the De Laval, 405
, Disc-Drum, 4l7

, the Curtis,^ 408
, Exhaust steam, 419

, examples, 507

, the Steam, 385

, Parson’s steam, 410

, the Westinghouse, 418
Turning effort on crankshaft, 227

Twisting moment, 230
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Unit of heat, definition of, 5

work, 1

V.

Vacuum augmenter, 444
in turbines, 444
gauge, 183

Valve diagram, ellipse,

, Reech, 71

, Reuleaiix, 71

, Zeuner, G7
Valve displacement, G6

gear, :i29

gears, expansion, li)

Valves, double-beat, 824
Vanes, action of jet upon, 385
Velocities, piston, 227

, diagrams of, 893, 397, 401, 404,

427, 482, 48G
, steam, 889

Vibration in turbines, 449
Volume, pressure, and temperature, re-

lation between, 14

W.

Walschaert valve gear, 485

Water, volume i>er pound, 25

, specific heat of, 27
Westinghouse engine, results of trials,

316
Westinghouse turbine, 418
Willans engine, 349

straight line law, 309
Winding engine, 347
Work, (lefinition of, 1

, unit of, 1

during expansion, 1

1

' Z.

i

1
Zeuner, valve diagram, G7, 483

THE END
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